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CO  IN  THE  GALACTIC  CENTER: 

A COMPLETE  SURVEY  OF  CARBON  MONOXIDE  EMISSION 
IN  THE  INNER  4 KPC  OF  THE  GALAXY 

By 

Mauricio  Ernesto  Bitran  Carreno 
December  1987 

Chairman:  Stephen  T.  Gottesman 
Cochairman:  Patrick  Thaddeus 
Major  Department:  Astronomy 

The  first  well-sampled,  large-scale  survey  of  ^CO 
(J=l-»0)  emission  from  the  inner  4 kpc  of  the  Galaxy  is 
presented  and  used  to  study  the  distribution  of  molecular 
clouds  and  the  kinematics  of  the  molecular  gas  in  the  inner 
Galaxy. 

The  survey  samples  a 4°  wide  strip  along  the  Galactic 
equator  from  1=-12°  to  1=13°.  The  over  8000  spectra 
obtained  with  the  Columbia  University  Southern  millimeter 
telescope  (La  Serena,  Chile)  have  a velocity  resolution  of 
1.3  km  s"1,  a rms  sensitivity  better  than  0.12  K,  and  are 
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spaced  by  approximately  one  beamwidth  (8.8').  This  is  the 
first  survey  to  encompass  the  complete  latitude  and  velocity 
spans  of  the  CO  emission  from  the  inner  Galaxy. 

The  survey  is  presented  as  a collection  of  1-V,  b-V, 
and  1-b  maps.  Several  new  CO  features  were  observed,  and 
the  molecular  counterparts  of  the  classic  H I structures 
appear  with  unprecedented  clarity  owing  to  the  dense 
sampling,  high  sensitivity,  and  extended  latitude  coverage 
of  this  survey. 

Features  with  the  largest  CO  luminosities  and  velocity 
widths  in  the  inner  Galaxy,  outside  the  nuclear  region,  were 
fully  mapped  and  analyzed.  The  largest  of  these  objects  are 
located  at  (1,  b)  = (3.2°,  0.3°),  and  (5.3°,  -0.3°),  in  a 

zone  previously  considered  almost  devoid  of  CO  emission. 
Their  respective  CO  luminosities  exceed  8%  and  3%  of  the  CO 
luminosity  of  the  inner  500  pc  of  the  Galaxy,  integrated 
over  all  observed  latitudes  and  velocities.  Their  velocity 
widths  reach  140  and  100  km  s-1  ( FWHM) , respectively. 

We  argue  that  these  features  are  peculiar  molecular 
clouds  located  in  the  vicinity  of  the  Galactic  center,  and 
that  their  large  internal  kinetic  energies  (of  the  order  of 
1054  ergs)  may  have  originated  in  a Seyfert-like  event  at 
the  Galactic  nucleus  about  one  million  years  ago. 

Molecular  clouds  in  the  surveyed  area  were  identified 
and  catalogued.  The  inclination  and  thickness  of  the 
molecular  layer  in  the  inner  Galaxy  were  measured  and  their 
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relevance  to  current  models  of  the  region  discussed.  A 
lower  limit  for  the  surface  density  at  the  center  was  found, 
and  a CO  rotation  curve  was  calculated  and  compared  to 
available  H I rotation  curves. 
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CHAPTER  I 
INTRODUCTION 


The  Center  of  the  Galaxy 

The  Galactic  center  has  aroused  the  interest  of 
astronomers  ever  since  it  became  clear  that  the  Earth  and 
the  Sun  are  far  from  the  center  of  the  Milky  Way,  and  that  a 
massive  galactic  nucleus  exists  in  the  direction  of  the 
constellation  of  Sagittarius  (Shapley  1916  a,  b;  1919  a,  b, 
c).  The  center,  however,  is  hidden  from  our  view  by 
interposing  clouds  of  dust  and  gas  that  absorb  most  of  the 
visible  and  ultraviolet  light  emitted  in  our  direction.  As 
a consequence,  most  studies  of  the  Galactic  center  have  had 
to  rely  on  radio,  infrared.  X-ray,  and  7-ray  observations. 

In  a paper  presented  in  1935,  reporting  radio 
observations  of  the  sky  at  20  MHz,  Jansky  noted  that 
"radiations  are  received  every  time  the  antenna  is  directed 
towards  some  part  of  the  Milky  Way  system,  the  greatest 
response  being  obtained  when  the  antenna  points  towards  the 
center  of  the  system"  (Jansky  1935,  pg.  1158).  This  was  the 
first  observation  of  the  Galactic  center,  which  also  marked 
the  birth  of  radio  astronomy. 

Following  this  pioneering  work  (Jansky  1932,  1933, 

1935),  the  Galactic  center  region  has  been  observed  at  many 


1 


2 


different  wavelengths,  with  increasing  sensitivity  and 
resolution,  in  the  continuum  and  in  spectral  lines.  An 
enormous  volume  of  data  has  accumulated.  However,  because 
of  the  complexity  of  the  region,  the  development  of  a 
physical  picture  that  can  coherently  accommodate  all  this 
information  has  been  slow  (see  reviews  by  Oort  (1977)  and 
Brown  and  Liszt  (1984)). 

The  Galactic  center  is  a singular  region.  It  displays 
intense  activity  and  characteristics  unlike  those  observed 
anywhere  else  in  the  Galaxy.  At  the  center,  near-infrared 
observations  indicate  the  presence  of  a spheroidal 
distribution  of  late-type  stars,  in  which  the  density 
increases  inwards  (Allen  et  al.  1983),  reaching  a maximum 
near  the  infrared  source  IRS  16.  Coinciding  with  the 
central  star  cluster  and  extending  some  80  light  years  in 
diameter  lies  Sgr  A,  a highly  complex  radio  source  which  is 
very  intense  in  both  thermal  and  nonthermal  emission.  Sgr  A 
is  also  very  prominent  in  molecular  line  and  X-ray  emission 
(Watson  et  al.  1981),  and  may  be  the  source  of  a variable 
y-ray  line  produced  by  positron-electron  annihilation  at  511 
KeV  (Lingenfelter  and  Ramaty  1982). 

High  resolution  observations  at  centimeter  wavelengths 
(Ekers  et  al.  1983)  resolve  Sgr  A into  three  components:  Sgr 
A East,  Sgr  A West,  and  Sgr  A*.  The  shape  and  spectral 
index  of  Sgr  A East  indicate  that  it  is  probably  a supernova 
remnant.  Sgr  A West  is  a strong  source  of  thermal 
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radiation  in  which  filaments  of  high-density  ionized  gas 
move  at  radial  velocities  in  excess  of  200  km  s-1.  If  these 
motions  are  due  to  gravitation,  the  observed  speeds  would 
indicate  a mass  of  3xl06  MQ  within  0.5  pc  of  the  center 
(Lacy  et  al.  1980).  At  the  centroid  of  Sgr  A West  lies  Sgr 
A , a nonthermal  compact  radiosource  with  a diameter  of  less 
than  20  A.U.,  a spectral  index  of  ~0.25,  and  a luminosity 

O A — *1 

of  10  ergs  s (Lo  et  al.  1985).  Its  emission 
characteristics  are  best  explained,  according  to  Lo  (1986), 

by  low  level  accretion  onto  a massive  (~106M  ) Black  Hole. 

o 

A Black  Hole  at  the  Galactic  nucleus  was  proposed  by  Lynden- 
Bell  and  Rees  (1971)  to  be  the  source  of  energetic  phenomena 
in  the  central  region  of  the  Galaxy. 

At  a larger  scale,  the  most  striking  feature  is  the 
radio  continuum  source  known  as  the  "arc"  ( Yusef-Zadeh, 
Morris,  and  Chance  1984) . Formed  by  several  straight 
parallel  filaments  about  100  ly  long  and  3 ly  wide,  it  is 
oriented  perpendicular  to  the  Galactic  plane  and  apparently 
connected  to  Sgr  A by  curved  filaments  (see  Fig.  1,  Yusef- 
Zadeh  et  al.  1984).  The  "arc,"  which  has  a spectrum  with 
thermal  and  nonthermal  components  (Yusef-Zadeh  et  al.  1986), 
may  be  related  to  large  scale  magnetic  fields  in  the  center 
region. 

Within  a few  hundred  parsecs  of  the  center,  there  is  a 
large  concentration  of  massive  molecular  clouds  with  high 
velocity  dispersions.  Observations  of  the  hydroxyl  radical 
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(OH)  (McGee  et  al.  1970,  Cohen  and  Dent  1983),  formaldehyde 
(H2CO)  ( Scoville,  Solomon,  and  Thaddeus  1972;  Cohen  and  Few 

1981) ,  ammonia  (NH3 ) (Kaifu  et  al . 1975),  carbon  monoxide 

(CO)  (Bania  1980,  1977;  Liszt  and  Burton  1978;  Heiligman 

1982) ,  and  other  molecular  tracers,  indicate  that  these 
dense  clouds  are  rich  in  molecular  material;  their  main 
component  presumably  being  molecular  hydrogen  (H2).  The 
distribution  of  the  molecular  gas  is  strongly  asymmetrical 
in  both  longitude  and  velocity;  most  of  the  emission  occurs 
at  positive  velocities  and  longitudes.  Some  of  the  clouds 
in  this  region  apparently  form  a rotating  and  expanding  ring 
(Kaifu,  Kato,  Iguchi  1972)  with  a radius  of  190  pc, 
expanding  at  an  average  velocity  of  150  km  s"1  and  rotating 
with  a velocity  of  65  km  s-1  (Bania  1980).  Superimposed  on 
this  emission,  a relatively  symmetrical  structure  is 
observed  in  H I and  in  CO.  This  feature  has  two  high- 
velocity  wings  of  emission  located  in  opposite  quadrants 
about  the  center  (see  Figs.  1 1-8  and  1 1-9),  which  were 
interpreted  as  the  signature  of  a gaseous  rotating  "nuclear 
disk"  (Rougoor  and  Oort  1960). 

The  molecular  counterpart  of  Sgr  A seems  to  be  a very 
intense,  overlying  molecular  cloud  with  a mean  velocity  of 
40  km  s ^ . This  " + 40  km  s-^  cloud"  contains  the  most 
intense  CO  lines  in  the  central  region  and  appears  to  be 
connected  by  a bridge  of  CO  emission  to  another  remarkable 
molecular  cloud  of  the  central  region,  the  Sgr  B2  complex. 
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This  unique  object  contains  several  compact  H II  regions  and 
is  extremely  rich  in  complex  molecules,  owing  to  the 
combination  of  large  mass  with  high  density.  Most  of  the 
known  interstellar  molecules  were  first  observed  here. 

Peculiar  phenomena  in  the  central  region  are  found  even 
at  a larger  scale.  Vast  gaseous  features  are  seen  engaged 
in  large  noncircular  motions  up  to  4 Kpc  from  the  Galactic 
Center  (Oort  1977,  Rougoor  and  Oort  1960).  The  most 
conspicuous  of  these  is  the  "3  Kpc  arm;"  a large  structure 
spanning  galactic  longitudes  from  about  +12°  to  -22°,  where 
it  apparently  reaches  a tangential  point.  It  is  observed  in 
absorption  in  the  direction  of  the  Galactic  nucleus  at  -52 
km  s_1  in  both  H I (Van  Worden  et  al.  1957)  and  CO  (Bania 
1980).  This  feature  is  thought  to  be  a spiral  arm  located 
some  3 kpc  in  front  of  the  nucleus,  and  expanding  away  from 
it.  Another  large  feature  extending  across  1=0°  with  a non- 
circular velocity  is  the  " + 135  km  s"1  arm."  It  is  probably 
located  behind  the  nucleus,  since  no  absorption  has  been 
observed,  and  it  also  seems  to  move  away  from  the  center 
(see  Figs.  1 1-8  and  1 1-9).  Together,  the  "3  Kpc  arm"  and 
the  "+135  km  s“^  arm,"  constitute  the  largest  deviation  from 
circular  motion  in  the  Galaxy,  each  containing  a mass  of 
order  2 x 10^  MQ,  and  a total  expansion  energy  of  4 x 10^ 
ergs  (Bania  1980). 

The  interpretation  of  these  large,  apparently 
expanding,  gaseous  structures  is  quite  complex.  Attempts  to 
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explain  them  include  expulsion  from  the  nucleus  (Van  der 
Kruit  1970,  Cohen  and  Davies  1976),  a rotating  and  expanding 
tilted  disk  (Liszt  and  Burton  1978),  elliptical  streaming 
motions  (Peters  1975),  gas  in  dispersion  orbits  (Simonson 
and  Mader  1973),  an  eccentric  bar-like  structure  (Burton  and 
Liszt  1980),  an  oval  distortion  of  the  central  region  of  the 
Galaxy  (Yuan  1985),  and  gas  moving  in  a triaxial  potential 
(Heiligman  1982,  Vietri  1986,  Mulder  and  Liem  1986).  In 
each  case  there  are  features  not  satisfactorily  explained  by 
the  models,  and  the  underlying  dynamical  mechanisms  in  some 
of  them  are  not  clear.  Thirty  years  after  their  discovery, 
the  "expanding  features"  remain  some  of  the  most  puzzling 
characteristics  of  the  central  region  of  the  Galaxy. 

In  summary,  the  Galactic  center  is  "sui  generis,"  a 
region  with  unusual  behaviour  observed  in  scales  ranging 
from  a few  astronomical  units  to  several  kiloparsecs.  It 
displays  some  characteristics  similar  to  those  of  active 
galactic  nuclei,  although  at  a much  lower  level.  The  study 
of  the  Galactic  center  is  not  only  fundamental  to  the 
understanding  of  the  structure  and  dynamics  of  our  own 
Galaxy,  but  may  also  provide  important  clues  on  the 
phenomenon  of  nuclear  activity  in  spiral  galaxies. 
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CO  Observations  of  the  Galactic  Center 

Observations  of  the  interstellar  material  in  the 
central  region  of  the  Galaxy  are  the  main  source  of 
information  on  the  mass  density  and  the  physical  conditions 
prevalent  at  the  center;  an  important  fraction  of  our 
knowledge  about  this  region  has  come  from  observations  of 
interstellar  molecules. 

Although  H2  is  the  most  abundant  interstellar  molecule, 
it  is  very  hard  to  observe  directly  from  the  ground.  H2  is 
an  homoatomic  molecule,  therefore,  it  lacks  a dipole  moment 
and  dipole  transitions.  Near  IR  quadrupole  rotation- 
vibrational  transitions  can  be  observed  from  the  ground,  but 
this  radiation  arises  only  in  quite  hot  regions.  The 
easiest  way  to  study  the  cold  molecular  gas  in  the  Galaxy  is 
to  observe  the  dipole  rotational  transitions  of  the  second 
most  abundant  molecule  in  molecular  clouds,  CO.  Collisions 
with  H2  molecules  readily  excite  rotational  states  of  the  CO 
molecules.  The  first  rotational  state  of  the  CO  molecule, 
corresponding  to  an  excitation  temperature  T„  = 5.5  K,  is 
thermalized  (Tx  = T^)  by  collisions  at  H2  densities  of  a few 
hundreds  per  cm^ . The  fundamental  transition  J=l-»0  is 
readily  observed  at  2.6  mm  (115.2  GHz).  This  transition  is 
an  acknowledged  primary  tracer  of  H2  in  molecular  clouds 
(Thaddeus  1977,  Dame  1984,  Scoville  and  Sanders  1986). 

Most  of  the  CO  observations  of  the  Galactic  center  to 
date  were  obtained  from  the  Northern  Hemisphere  with 
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instruments  of  relatively  high  angular  resolution  (~1').  As 
a result  of  these  constraints,  observations  of  the  latitude 
distribution  of  molecular  gas  within  a few  kiloparsecs  of 
the  Galactic  center  are  moderately  to  severely  under- 
sampled. The  better  sampled  observations  were  restricted  to 
small  areas  around  the  nucleus  and  near  the  Galactic  plane 
(Inatani  1982;  McCutcheon,  Robinson,  and  Whiteoak  1981; 
Heiligman  1982).  At  a larger  scale,  however,  the  out-of- 
plane  observations  consisted  of  longitude  strips  at  a few 
latitudes,  with  observations  typically  spaced  by  0.5°  (~30 
beamwidths)  (Liszt  and  Burton  1978;  Bania  1980;  Sanders, 
Solomon,  and  Scoville  1984,  Bania  1986).  Grids  this  coarse 
can  easily  miss  molecular  clouds  located  near  the  center. 

The  results  of  the  out-of-plane  survey  of  the  first 
galactic  quadrant  by  Cohen  et  al.  (1980),  emphasize  that 
well-sampled  observations  (sampling  interval  ~1  beamwidth) 
are  necessary  in  order  to  detect  the  continuity  of  large- 
scale  features.  These  considerations  suggest  that  new, 
important  information  on  the  Galactic  center  region  can  be 
gained  from  a large  scale,  well-sampled  survey  of  the 
latitude  distribution  of  CO  emission. 


Present  Work 

On  the  premise  that  out-of-plane  features  are  all- 
important  for  the  understanding  of  the  kinematics  of  the 
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central  region  of  the  Galaxy  and  impose  critical  constraints 
on  models,  the  main  goal  of  this  dissertation  is  to  make  a 
sensitive,  homogeneous,  and  well-sampled  survey  of  the 
latitude  distribution  of  CO  emission  in  the  inner  4 kpc  of 
the  Galaxy  covering  all  significant  out-of-plane  and  high- 
velocity  emission. 

For  this  purpose,  we  have  used  the  Columbia  Southern 
millimeter-wave  telescope  at  Cerro  Tololo  Interamerican 
Observatory,  in  Chile,  to  map  an  area  of  100  sq.  deg.  with 
an  8.8'  beam.  The  observations  are  spaced  by  0.85  beam 
within  1°  of  the  Galactic  plane,  where  most  of  the  CO 
emission  is  concentrated,  and  by  1.7  beams  for 

1°  < | b | < 2°. 

The  combined  advantages  of  observing  from  the  Southern 
Hemisphere  and  of  using  a telescope  with  a relatively  large 
beam,  have  allowed  us  to  significantly  increase  the  sampling 
density,  improve  the  sensitivity  and  extend  the  spatial 
coverage  with  respect  to  previous  observations. 

The  main  questions  that  this  work  addresses  are 

1.  What  is  the  large  scale,  two-dimensional  (l,b) 
distribution  of  molecular  gas  in  the  inner  4 kpc  of 
our  Galaxy? 

2.  What  are  the  physical  characteristics  of  the 
molecular  gas  in  the  center  region? 

3.  Are  there  any  significant  out-of-plane  features 
missed  in  previous  observations? 
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4.  Is  the  paucity  of  molecular  gas  observed  outside  the 
nuclear  disk  partially  caused  by  lack  of  latitude 
information? 

5.  Do  these  observations  impose  new  constraints  on 
current  models  of  the  center  region? 

This  dissertation  is  organized  in  six  chapters  and  four 
appendices.  Chapter  II  describes  the  Columbia  Telescope, 
the  observational  techniques  used,  and  presents  the  large 
scale  characteristics  of  the  molecular  gas.  Out-of-plane 
features  of  great  CO  luminosities  and  velocity  widths,  fully 
sampled  for  the  first  time  in  this  survey,  are  discussed  in 
Chapter  III.  Chapter  IV  presents  a catalogue  of  molecular 
clouds  in  the  central  region,  and  their  identification  with 
H II  regions  when  possible.  The  kinematics  of  the  molecular 
gas  at  the  Galactic  center  are  discussed  in  Chapter  V.  In 
this  chapter  current  models  of  the  region  and  their 
compatibility  with  present  data  are  also  discussed.  A 
general  summary  is  presented  in  Chapter  VI,  and  the  survey 
maps  are  presented  in  the  appendices. 


CHAPTER  II 
THE  SURVEY 

Instrumentation 

The  Galactic  center  CO  survey  was  carried  out  with  the 
Columbia  Southern  Millimeter-wave  Telescope  (Cohen  1983; 
Bronfman  et  al.  1986),  located  at  Cerro  Tololo  Inter- 
American  Observatory  (La  Serena,  Chile).  Figure  II-l  is  a 
diagram  of  the  telescope,  and  a summary  of  its  main 
specifications  is  found  in  Table  II-l. 

This  Cassegrain  Telescope,  a fairly  close  copy  of  the 
Columbia  Millimeter-wave  Telescope  in  New  York  City  (Cohen 
1977),  is  an  ideal  survey  instrument.  At  115  GHz,  the 
frequency  of  the  CO  J=l-*0  rotational  transition,  its  1.2  m 
aperture  gives  a beam  8.8'  wide  (FWHM).  This  beam  size 
allows  dense  sampling  of  a large  area  of  the  sky  in  a 
practicable  period  of  time,  yet  it  is  small  enough  to 
resolve  a typical  giant  molecular  cloud  located  over  20  kpc 
away  (the  linear  resolution  at  the  Galactic  center  (Ro=8.5 
Kpc)  is  18.5  pc) . 

Computer  control  of  the  altitude- azimuth  mount  and  the 
dome  allows  fast  pointing  changes:  switching  between 

positions  five  degrees  apart  takes  less  than  one  second. 
This  allows  the  use  of  reference  positions  located  several 
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degrees  away  from  the  Galactic  Equator  with  little  idle 
time . 

The  telescope  is  equipped  with  a sensitive  and  stable 
superheterodyne  receiver  which  has  a single-sideband  noise 
temperature  of  380  K.  The  receiver's  first  stage, 
consisting  of  a Schottky  barrier  diode  mixer  and  a GaAs  FET 
amplifier  at  the  IF  of  1390  MHz,  is  cooled  to  77  K by  liquid 
nitrogen,  while  the  second  stage  of  amplification  is  kept  at 
room  temperature.  Owing  to  the  low  noise  temperature  of  the 
system  and  the  good  atmospheric  conditions  at  Cerro  Tololo, 
integration  times  are  typically  quite  short;  a rms  noise 
temperature  uncertainty  of  0.1  K is  generally  reached  in 
less  than  10  minutes. 

The  spectrometer  is  a 256-channel  filter  bank  of 
standard  design.  Each  filter,  0.5  MHz  wide,  affords  a 
velocity  resolution  of  1.3  km  s_1  at  115  GHz.  The  total 
spectral  range  of  the  spectrometer  is  333  km  s-^,  adequate 
to  cover  most  of  the  Galactic  CO  emission,  except  within  a 
few  degrees  of  the  Galactic  center,  where  the  CO  emission 
reaches  velocity  widths  up  to  500  km  s-1.  In  this  region, 
two  spectra  centered  at  different  velocities  were  taken  at 
each  position,  and  combined  as  explained  in  the  next 
section . 

The  atmospheric  conditions  at  Cerro  Tololo  are 
extremely  favorable  for  millimeter-wave  observations.  The 
water  vapour  opacity  per  air  mass  is  usually  less  than  0.1, 
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allowing  observations  virtually  year  around.  An  added  bonus 
in  the  case  of  this  survey  is  the  favourable  position  of  the 
Galactic  center  as  seen  from  Cerro  Tololo.  The  center 
transits  almost  overhead;  so  most  of  the  spectra  were  taken 
through  an  air  mass  of  about  unity. 

The  system  was  calibrated  daily  and  checked  against 
reference  CO  sources  before  the  start  of  the  observations. 

A standard  blackbody  chopper-wheel  technique  (Kutner  and 
Ulich  1981)  was  used  to  produce  antenna  temperatures,  TA*, 
corrected  for  atmospheric  attenuation,  resistive  losses, 
scattering,  and  rearward  spillover.  To  produce  radiation 
temperatures,  TR,  the  antenna  temperatures  should  be  divided 
by  the  telescope's  main  beam  efficiency,  n=0.82.  A complete 
account  of  the  calibration  procedure  and  results  is  given  by 
Bronfman  (1986). 

The  pointing  of  the  telescope  was  checked  twice  a day 
by  observing  the  sun.  Right  ascension  and  declination  scans 
across  the  sun's  limb  were  used  to  locate  the  center  of  the 
solar  115  GHz  continuum  emission  disk  to  within  15".  The 
long-term  pointing  accuracy  was  checked  every  few  months  by 
observing  star  positions  with  a small  optical  telescope 
which  is  collimated  with  the  radio  telescope  (see  Fig. 

1 1 - 1 ) - This  procedure  ensured  that  long-term  pointing 

errors  were  smaller  than  1'  (for  details  see  Grabelsky 
1985) . 
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A Nova  4/x  minicomputer  with  128  kilobytes  of  memory 
was  used  to  control  the  positions  of  the  mount  and  dome,  the 
frequency  of  the  local  oscillator,  the  data  acquisition,  and 
to  perform  on-line  data  processing.  The  computer  system  and 
telescope  control  are  described  in  detail  by  Grabelsky 
(1985) . 


Observations 

The  almost  8000  spectra  comprised  in  the  present  survey 
were  taken  between  February  and  November  of  1984.  The  area 
observed,  a strip  of  25°  x 4°  along  the  Galactic  plane,  was 
sampled  every  7.5'  (0.85  beam)  in  both  Galactic  coordinates 

within  1°  of  the  equator  and  every  15'  (1.7  beam)  beyond. 

Relevant  parameters  of  the  survey  are  listed  in  Table  I 1-2. 

Position  switching  was  used  for  all  observations  in 
order  to  subtract  instrumental  and  sky  background.  This  was 
done  by  pointing  the  telescope  alternatively  to  a target 
("on")  position  and  to  a CO-free  reference  ("off")  position 
every  15  seconds  and  then  subtracting  the  spectrum  of  the 
"off"  position  from  that  of  the  target  position.  The 
reference  positions,  selected  from  obscuration-free  regions 
found  in  the  ESO  plates,  were  verified  to  be  free  of  CO 
emission  greater  than  0.04  K,  which  is  about  one-third  of 
the  rms  noise  per  channel  in  the  final  spectra.  Table  I 1-3 
lists  the  CO-free  ("off")  reference  positions  used  in  the 
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survey.  Position  switching  against  clean  "offs"  yields  very 
flat  base-lines;  so  only  first  order  base-lines  were 
subtracted  from  the  spectra. 

The  velocity  centroid  of  CO  emission  varies  strongly 
with  Galactic  longitude,  changing  sign  at  1=0°.  Full 
velocity  coverage  required  setting  the  spectrometer  to 
different  central  velocities  in  the  appropriate  longitude 
ranges  (Table  I I — 2 ) . Nevertheless,  within  a few  degrees  of 
the  Galactic  center,  the  velocity  width  of  the  CO  emission 
exceeded  the  spectral  range  of  the  spectrometer.  This 
problem  was  circumvented  by  taking  two  spectra,  centered  at 
velocities  306  km  s-^  apart,  at  each  position  within  5°  of 
the  Galactic  center.  The  two  spectra  cover  a combined 
spectral  range  of  640  km  s-1  with  an  overlap  of  26  km  s-1 
(20  channels);  this  allows  ample  emission-free  sections  to 
set  baselines,  and  enough  overlap  to  check  that  the  spectra 
match  properly.  The  values  of  antenna  temperature  in  the 
overlapping  channels  were  checked  to  coincide  within  the  rms 
temperature  uncertainty  of  the  spectra.  Poor  matchings  were 
rejected  and  reobserved.  A combined  spectrum  obtained  with 
the  procedure  described  above  is  shown  in  Fig.  I I -2.  The 
high  signal-to-noise  ratio  and  flat  baseline  of  this 
spectrum  are  characteristic  of  the  whole  survey,  as  can  be 
deduced  from  the  representative  spectra  shown  in  Fig.  1 1-3. 

An  important  goal  of  this  survey  was  to  cover  the  full 
latitude  extent  of  the  Galactic  CO  emission.  We  found  most 
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of  the  emission  to  be  confined  between  b=-l°  and  b=l°,  and 
therefore  our  latitude  coverage  (-2°  < b < 2°)  seems 
adequate.  However,  since  H I emission  is  observed  at  higher 
latitudes  in  opposite  Galactic  quadrants  (at  b>0°  for  1<0°, 
and  at  b<0°  for  1>0°),  a search  was  conducted  between  b=2° 
and  b=2 . 5°  for  1<0°,  and  between  b=-2°  and  b=-2.5°  for  1>0°. 
Only  local  emission  (V~0  km  s-1)  was  detected. 

The  basic  datum  of  the  survey  is  the  antenna 
temperature  observed  from  a particular  direction  in  the  sky 
and  at  a given  radial  velocity,  Tfl^  b j , Vk)  . Two- 
dimensional  representations  of  this  four-dimensional  data 
array  were  accomplished  by  projecting  the  integral  of  the 
temperature  over  one  of  the  independent  variables  onto  the 
plane  of  the  other  two.  Contour  diagrams  representing 
integrated  temperature  in  the  longitude-latitude  (l,b), 
longitude-velocity  (1,V),  and  latitude-velocity  (b,V)  planes 
were  used  to  exhibit  different  characteristics  of  the  CO 
emission  (see  appendices  B,  C,  and  D respectively).  In  the 
l,b  diagrams,  velocity-integrated  temperature  is  displayed 
in  the  plane  of  the  sky.  This  representation  is  useful  to 
compare  the  CO  distribution  with  that  of  other  tracers  that 
offer  no  velocity  information  such  as  the  infrared  or  radio- 
continuum. Kinematic  characteristics  of  the  molecular  gas 
are  best  displayed  in  1,V  diagrams  of  latitude-integrated 
temperature,  and  the  out-of-plane  gas  distribution  is  best 
seen  in  b,V  diagrams  of  longitude-integrated  temperature. 
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Large-scale  Characteristics  of  the  CO  Emission 

This  section  describes  the  general  characteristics  and 
the  main  features  of  the  CO  emission  observed  in  the  present 
survey.  The  distribution  of  molecular  hydrogen  mass  in  the 
plane  of  the  sky  is  outlined  in  maps  of  velocity-integrated 
CO  antenna  temperature  (Wco  = j T dV  ) in  Galactic 

coordinates  (Fig.  II-4).  Longitude  profiles  of  CO  emission 
(1(1)  = JjTdbdV  ),  integrated  over  different  latitude 

ranges,  are  displayed  in  Figs.  II-5,  6,  7,  and  the  main 

kinematic  features  observed  are  identified  in  1-V  diagrams 
integrated  over  all  the  observed  latitudes  (Figs.  II-8,  9). 

The  spatial  distribution  of  CO  emission  in  the  inner 
3.6  kpc  of  the  Galaxy  is  displayed  in  Fig.  I 1-4.  To  examine 
the  full  dynamic  range  of  the  observations,  1-b  maps  with 
three  different  contour  level  values  (approximately  4,  10, 

and  20  standard  deviations,  respectively)  are  shown  in  Fig. 

I 1-4.  In  the  three  maps  of  Fig.  I 1-4,  the  same  CO  emission 
data  were  integrated  over  the  full  velocity  range  (-320  < V 
< 320  km  s-^).  As  can  be  seen  in  Fig.  II-4,  the  CO 
emission  is  distributed  closely  along  the  Galactic  plane 
with  the  highest  intensity  concentrated  between  1=-1.5°  and 
1=1-8°  and  within  approximately  0.6°  of  the  Galactic  plane. 
This  central  source  encompasses  the  large  molecular 
complexes  Sgr  A and  Sgr  B,  the  nuclear  disk,  and  the 
expanding  molecular  ring,  which  are  more  clearly  demarcated 
in  1-V  diagrams  (Figs.  II-8,  9). 
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In  longitude  profiles  (Fig.  II-5,  6,  7)  the  strongly 
peaked  central  source  appears  very  asymmetrical  with  most  of 
the  emission  found  at  positive  longitudes,  resulting  in  an 
intensity-weighted  mean  longitude  of  1=0.4°.  This  central 
region  can  be  resolved  into  six  prominent  peaks  (Fig.  I 1-5), 
with  the  most  intense  maximum  located  at  1=1.2°.  The 
central  source  is  also  asymmetric  in  Galactic  latitude  with 
most  of  the  CO  emission  originating  below  the  IAU  Galactic 
plane  (see  Figs.  I 1-6  and  I 1-7  integrated  below  and  above 
the  Galactic  plane,  respectively),  yielding  an  intensity- 
weighted  mean  latitude  of  b=-0.05°. 

The  total  H2  mass  contained  in  the  central  region  (1  x 
b = 3.3°  x 1.3°  = 490  x 190  pc),  calculated  from  the  CO 
luminosity  (see  Appendix  A)  under  the  assumption  that  all 
the  emitting  gas  is  at  the  Galactic  center  (Ro=  8.5  kpc),  is 

Q 

2.7  x 10  Mq.  This  value  is  in  agreement,  within  a factor 
of  approximately  2,  with  recent  determinations  of  H2  mass  at 
the  center  (see  Table  II-4).  It  should  be  noted,  however, 
that  all  the  masses  quoted  in  Table  1 1-4  might  have  been 
overestimated  by  a factor  of  10,  since  the  conversion  factor 
from  CO  luminosity  to  H2  column  density  in  the  center  may  be 
an  order  of  magnitude  smaller  than  that  in  the  disk  of  the 
Galaxy  (for  details  see  Appendix  A). 

Most  of  the  CO  emission  of  the  inner  Galaxy  is 
contained  in  a band  approximately  2°  wide  in  latitude, 
astride  the  Galactic  plane,  and  extending  through  all 
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observed  longitudes.  The  emission  occurs  preferentially 
above  the  plane  for  negative  longitudes  and  below  the  plane 
for  positive  longitudes.  This  asymmetry,  also  observed  in 
H I,  results  from  a tilt  of  the  gas  distribution  with 
respect  to  the  Galactic  plane.  The  magnitude  of  the  tilt, 
however,  is  controversial  (see  Chapter  V). 

The  most  intense  CO  emission  of  the  inner  Galaxy, 
outside  the  central  source,  originates  at  two  features 

located  at  1~3°,  b>0°  and  1~5°,  b<0°  (Fig.  II-4).  In 
longitude  profiles  (Figs.  II-5,  6,  7)  they  can  be  seen  as 
two  large  peaks  at  1=3.2°  and  1=5.3°,  which  correspond  to 
projected  Galactocentric  distances  of  477  pc  and  786  pc, 
respectively.  These  sources  are  remarkable,  not  only  for 
their  high  intensities,  but  also  for  their  unusually  large 
velocity  widths  (Fig.  1 1 — 8 ) . Their  combined  luminosity 

reaches  over  1/10  of  the  intensity  of  the  central  source  and 
they  are  seen  in  a zone  previously  considered  "almost  devoid 
of  CO  emission"  (Bania  1986,  pg.  873).  The  full  extent  and 
intensity  of  these  features  were  missed  in  other  CO  surveys 
of  this  region  owing  to  undersampling.  The  characteristics 
and  origin  of  these  "wide-line"  features  are  discussed 
extensively  in  Chapter  III. 

Other  discernible  peaks  outside  the  central  region 
observed  in  Fig.  II-6  at  l=-3.8°,  -4.4°,  and  -5.3° 

correspond  to  smaller  wide-line  features  (see  Table  III-l). 
The  main  peak  in  the  central  source  at  1=1.2°,  b>0° 
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(Fig. II  — 7)  appears  remarkably  similar  in  shape  and  intensity 
to  the  wide-line  feature  at  1=3.2°.  This  similarity  may 
suggest  that  this  peak  is  another  wide-line  feature 
concealed  by  the  complex  emission  of  the  central  region. 

The  kinematics  of  the  CO  emission  in  the  inner  Galaxy 
are  characterized  by  asymmetry  and  noncircular  motions.  The 
asymmetry  in  velocity  can  be  clearly  seen  in  Fig.  1 1-8, 
where  most  of  the  emission  occurs  at  positive  velocities 
with  an  intensity-weighted  mean  velocity  of  23  km  s”^  for 
the  central  source.  If  all  the  molecular  gas  in  the  Galaxy 
were  engaged  in  circular  differential  rotation  around  the 
Galactic  center,  the  CO  emission  displayed  in  the  1-V  plane 
would  take  place  only  in  the  quadrants  where  velocity  and 
longitude  have  equal  signs.  However,  large  features  are 
also  seen  in  the  other  two  quadrants  (Fig.  1 1 — 8 ) indicating 
the  presence  of  gas  at  noncircular,  "forbidden,"  velocities. 
These  deviations  from  circular  motion  were  discovered  in  the 
first  H I surveys  of  the  center. 

Figure  1 1-8  displays  the  kinematic  arrangement  of 
molecular  gas  in  the  inner-Galaxy  in  the  1-V  plane, 
integrated  over  all  observed  latitudes.  Owing  to  its  dense 
sampling,  high  sensitivity,  and  extended  latitude  coverage, 
the  present  survey  has  revealed  new  CO  features  and  the 
molecular  counterparts  of  classic  H I features  with 
unprecedented  clarity.  The  following  is  a brief  description 
of  the  CO  features  observed  in  the  1-V  plane,  in  order  of 
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their  relative  intensities.  To  aid  in  the  identification, 
the  main  features  observed  in  Fig.  1 1-8  have  also  been 
represented  schematically  in  Fig.  1 1-9.  The  names  of  the  H 
I features  used  by  Van  der  Kruit  (1970)  are  given  in 
parenthesis  when  appropiate. 

1.  The  main  maximum.  An  intense  ridge  of  emission  seen 
along  all  observed  longitudes  at  low  radial 
velocities  (V  ~0  km  s“^).  Its  large  latitude  extent 
and  low  velocity  (see  Appendix  C)  suggest  that  the 
emission  originates  mostly  from  local  material. 

2.  The  nuclear  disk  (VdK  IV).  A high-velocity  wing  of 

emission  that  extends  in  the  plane  from  1=-1.5°, 
V=-230  km  s"1  towards  the  center  and  reappears  at 
positive  longitudes  and  velocities  reaching  1=1. 5°, 
V=220  km  s ^ (Fig.  II-8,  9).  This  high-velocity 

feature  is  symmetric  about  the  center  and  was 
interpreted  as  a gaseous  disk  in  circular  rotation 
about  the  center  by  Rougoor  and  Oort  (1960). 

3.  The  3 kpc  arm.  A long  ridge  of  emission  extending 
from  1=13°,  V~0  km  s-^  across  the  whole  1-V  diagram 
to  1=-12°,  V=- 130  km  s"1  (Figs.  II-8,  9).  Crossing 
1=0°  the  3 kpc  arm  is  seen  in  absorption  against  Sgr 
A at  V=-52  km  s-^;  therefore  it  is  located  in  front 
of  the  nucleus  and  appears  to  expand  away  from  it. 
The  3 kpc  arm  is  the  brightest  H I feature  displaying 
noncircular  motion;  it  extends  to  l=-22°  where  it 
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apparently  reaches  a tangent  point  (Cohen  1975).  The 
3 kpc  arm  has  been  modeled  as  a ring  sector  (Bania 
1980)  and  as  waves  excited  at  the  resonance  by  an 
oval  distortion  of  the  central  region  (Yuan  1985).  No 
signs  of  star  formation  have  been  observed  in  it 
(Lockman  1980).  See,  however,  chapter  IV. 

4.  The  135  km  s—  expanding  arm  ( VdK  I_)  . A large 

structure  extending  from  1=13°  to  l=-5°  at  positive 
velocities.  It  crosses  1=0°  at  135  km  s_1  and  no 
absorption  is  observed.  Therefore,  it  is  probably 
located  beyond  the  nucleus  and  apparently  expanding 
away  from  it.  It  has  been  modeled  as  a ring  sector 
by  Bania  ( 1980) . 

5-  The  molecular  ring.  This  ring  of  molecular  clouds  at 
the  Galactic  center  (not  to  be  confused  with  the 
molecular  ring  at  R=  4 to  6 kpc),  is  a large  curved 
structure  mostly  located  at  negative  velocities  near 
the  center,  partially  superimposed  on  the  nuclear 

disk.  It  extends  from  1=-1.2°,  V~0  km  s-1  to 

l=-0.5°,  V~140  km  s 1 and  curves  back  towards  the 

V=0  km  s ^ at  1=1.5°.  The  molecular  ring  extends 
below  the  plane  to  b=-0.5°  (Figs.  C-17,19).  This 
feature  has  been  modeled  as  an  expanding  and  rotating 
molecular  ring  by  Scoville  et  al.  (1972)  and  Bania 
(1980).  The  prominence  of  this  feature  in 
formaldehyde  absorption  (Bieging  et  al.  1980) 
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indicates  that  it  is  probably  located  in  front  of  the 
nucleus . 

6.  Sgr  A.  This  prominent  molecular  cloud  at  V~40  km 
s-1  has  been  identified  with  the  Galactic  center 
because  of  its  location  and  high  intensity.  A deep 
absorption  feature  may  indicate  that  this  cloud  is 
partially  in  front  of  Sgr  A*. 

7.  Sgr  B and  B2 . Correspond  to  the  large  molecular 

complex  at  1~0.5°,  V~60  km  s_1.  One  of  the  most 
intense  sources  observed  contains  several  compact  H 
II  regions,  complex  molecules,  and  is  the  site  of 
active  star  formation. 

8.  The  central  gas  layer.  An  intense  bridge  of  CO 

emission,  appearing  to  connect  Sgr  A and  Sgr  B along 
the  Galactic  plane  at  positive  velocities  (see  Figs. 
C-15,  17).  This  apparently  continuous  layer  is  a 

unique  object  in  the  Galaxy  because  of  its  smooth 
space  distribution  and  large  velocity  width. 

9.  The  connecting  arm  (VdK  Ilia) . Rougoor  (1964)  called 
this  feature  the  connecting  arm  because  it  seems  to 
connect  the  nuclear  disk,  at  1=2.5°,  V=270  km  s-1  to 
the  main  maximum  around  1=13°.  The  connecting  arm 
joins  the  nuclear  disk  below  the  plane  at  b=-0.25° 
and,  as  it  approaches  the  main  maximum,  its  velocity 
and  mean  latitude  diminish.  It  can  be  clearly 
identified  in  the  1-V  diagrams  of  Appendix  C (Figs. 
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C-17  to  25)  and  in  the  1-b  maps  of  Appendix  B (Figs. 
B- 1 to  5) . 

10.  The  165  km  s — - feature  ( VdK  XV).  Although  discovered 
in  H I,  this  feature  is  more  prominent  in  CO.  It 

crosses  1=0°  at  V~165  km  s ^ in  the  plane;  since  no 
absorption  against  the  nucleus  is  observed,  this 
feature  is  probably  located  behind  the  nucleus 
apparently  moving  away  from  it.  It  has  been  proposed 
to  form  part  of  the  molecular  ring  (Scoville  et  al. 
1972) . 

11.  Norma  and  Scutum  arms?  Probably  correspond  to  the 
features  seen  betwen  the  3 kpc  arm  and  the  main 
maximum,  at  negative  longitudes.  They  appear  similar 
to  the  3 kpc  arm  in  longitudinal  extension  and  slope 
in  the  1-V  plane.  Although  fairly  confused,  two 
structures  can  be  identified  in  this  region  and 
followed  towards  the  center.  Absorption  features  at 
V=-30  km  s — 1 and  V=-10  (Fig.  D-28)  indicate  that 
these  structures  probably  lie  in  the  near  side  of  the 
Galaxy.  A string  of  clouds  observed  between  l=-2° 

and  1=2°  at  V~  15  km  s"1  at  b=-0 . 38°  (Fig.  C-18)  has 
been  identified  by  Heiligman  (1982)  with  the  Scutum- 
Crux  arm.  The  string  of  clouds  between  l=-4°  and 
1=-12°  and  about  V=-30  km  s-1  could  be  the 
continuation  of  the  arm,  while  the  clouds  in  the  same 
region  at  about  V=60  km  s"1,  may  belong  to  the  Norma 


arm. 


25 


12.  Van  der  Kruit  XIV.  A symmetric  counterpart  to  the 
connecting  arm  at  negative  longitudes  and  velocities. 
It  can  be  seen  in  Figs.  C-12  to  C-15  at  l=-2°  to  -5° 
and  between  V~  -220  to  -150  km  s_1  It  joins  the 
disk  at  b=0°  and  continues  above  the  plane  towards 
the  main  maximum.  It  is  much  weaker  and  less  well 
defined  than  the  connecting  arm.  However,  this  is 
one  of  the  few  features  displaying  symmetry  about  the 
center . 

13.  Van  der  Kruit  I I . Also  known  as  the  70  km  s_1  arm, 
is  a faint  and  narrow  feature  in  the  plane.  It  has 
been  studied  in  detail  by  Shane  (1972). 

14.  Feature  I I lb . An  in-the-plane  feature  which  runs 
parallel  to  the  70  km  s'1  arm  and  seems  to  end  near 
the  wide-line  feature  at  1=5.3°. 

15.  Van  der  Kruit  IX . Found  at  higher  velocities  than 
feature  Illb,  crosses  the  connecting  arm  and  becomes 
confused  with  emission  of  near-by  features  near  1=7° 

16.  Van  der  Kruit  XI I . A weak  cloud  detected  at  1=4°, 
b=-2.4°,  and  forbidden  velocity  V=-83  km  s"1,  seems 
to  be  the  first  CO  detection  of  feature  VdK  XII,  the 
most  prominent  high-velocity  feature  seen  in  H I 
(Cohen  1975).  A nearby  cloud  at  V~30  km  s“^ 
coincides  with  the  1-V  locus  of  the  3 kpc  arm  but 
lies  well  below  the  plane  ( b=-2.2°).  Not  shown  in 
Fig.  I 1-9 . 
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17.  A feature  extending  below  the  plane  between  1=3.3° 
and  4.0°  and  between  velocities  V=40  and  150  km  s_1 
was  detected  for  the  first  time  in  this  survey.  It 
could  be  related  to  H I feature  J4  (Cohen  1975)  but 
their  slopes  in  the  1-V  plane  are  different  (Fig. 
D-19).  Not  shown  in  Fig.  II-9. 

The  characteristics  of  the  molecular  clouds  that  form 
many  of  these  features  are  tabulated  in  a catalogue  in 
Chapter  IV. 


TABLE  2.1 


TELESCOPE  CHARACTERISTICS 


Aperture 

1.2 

m 

Beam  width  (FWHM) 

8.8' 

at  115  GHz 

Effective  F/D 

3.79 

Beam  Efficiency 

0.82 

Noise  Temperature 

380 

K Single 

sideband 

Spectrometer 

256 

channels 

0.5  MHz  wide 

TABLE  2.2 


PARAMETERS  OF  THE  SURVEY 


Angular  resolution 8.8' 

Velocity  resolution. ...  1 . 3 km/s 

Sensitivity 0.12  K rms  per  velocity  element 

Spatial  coverage: 

Galactic  longitude 348°  to  13° 

Galactic  latitude -2.0°  to  2.0° 


Sampling  interval: 


o 

o 

o 

A 

[b] 

o 

o 

rH 

V 

0.125°  = 0.85 

beam 

M 

o 

o 

A 

[b] 

0 

o 

CS) 

V 

. r.  .0.250°  = 1.70 

beam 

Velocity  coverage: 


348. 0°< 

1 

<353.5° 

-244 

to 

00 

00 

km/s 

353 .5°< 

1 

<355.5° 

-179 

to 

153 

km/s 

355. 5°< 

1 

< 5.0° 

-319 

to 

319 

km/s 

V 

o 

o 

Li") 

1 

< 13.0° 

-88 

to 

244 

km/s 
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TABLE  2.3 

CO-FREE  REFERENCE  POSITIONS 


1 

b 

1 

b 

(°) 

(°) 

(°) 

(°) 

347.00 

3.00 

0.70 

-3.30 

348.00 

-5.00 

1.00 

-3.90 

348.00 

4.00 

1.90 

-5.35 

352.00 

-5.00 

3.80 

-4.80 

353.00 

-5.00 

4.75 

2.50 

353.00 

4.00 

5.00 

-4.00 

354.00 

-5.00 

7.00 

5.00 

355.00 

5.00 

8.00 

-5.00 

355.00 

5.00 

8.50 

2.75 

356.04 

-5.23 

9.00 

5.00 

357.00 

-5.00 

10.00 

5.00 

357.00 

3.00 

11.00 

-4.00 

359.80 

-5.75 

12.00 

5.00 

0.00 

-4.00 

14.00 

2.50 

0.00 

-3.00 

15.00 

-5.00 
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TABLE  2.4 

MOLECULAR  MASS  IN  THE  GALACTIC  CENTER 


Reference 

Observations 

Area 
lxb  pc 

Mass 
108  Mq 

Audouze  1979 

12CO/ 13C0/C180 

600x600 

1.3 

Heiligman  1982 

13CO 

340x140 

1.2 

Sanders  et  al. 

1984  12CO 

3000x320 

3-5 

Bania  1986 

12CO,  13CO 

550x90 

3.3 

This  work  1987 

12CO 

490x190 

2.7 
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Fig.  II-l  Diagram  of  the  Columbia  Southern 
millimeter-wave  Telescope. 


12 

CO  spectrum  in  the  direction  of  the  Galactic 
center  (l/b=0°<0°)  formed  by  combining  two 
overlaping  spectra,  each  333  km  s_1  wide. 


Fig.  I 1-2 
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Fig.  1 1-3  Representative  survey  spectra;  the  baselines  are 
spaced  by  6 K. 
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Fig.  II-5  Longitude  profile  (double  integral)  integrated 
between  V=-320  and  320  km  s-1,  and 
between  b=-l°  and  1°. 
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Fig.  I 1-6  Longitude  profile  integrated  between 
V=-320  and  320  km  s“  , and  from 
b=- 1°  to  0°. 


Fig.  II-7  Longitude  profile  integrated  between 
V=-320  and  320  km  s 1 , and  from 
b=0®  to  1°. 


39 


13.0 


8.0 


3.0 


-2.0 


-7.0 


-12.0 


i i i i i i i i i i i i i i i o i\j  .e  a co  — — — — — ro 
U)r\jroroi'jr\>  — — — — — a>  cr>  .c  i\j  • ooooor\j.ccnoo 
ooai^njoooCTicrooooooo*  • • • aooooo 

ooooooaoooo-  ■ • • oooo 

oooo  aooooo 

ooooooaaooo 


Fig.  I 1-8  L-V  diagram  integrated  between  latitudes 
b=-2.5°  and  2.5°.  Contours  are  set  at 
2 K from  2 K. 
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Fig.  I 1-9  Squematic  1-V  diagram,  the  numbered  structures 
are  identified  in  the  text. 


CHAPTER  III 

WIDE-LINE  CLOUDS  NEAR  THE  GALACTIC  CENTER 

The  most  remarkable  objects  mapped  in  our  survey  are 
the  wide-line  features  located  at  (l,b)  = (3.2°,  0.3°)  and 
(5.3°,  -0.3°).  Their  respective  CO  luminosities  exceed  8% 
and  3%  of  the  CO  emission  of  the  inner  500  pc  of  the  Galaxy, 
integrated  over  all  observed  latitudes  and  velocities  (see 
Fig.  II-4).  Thus,  the  wide-line  objects  are  the  most 
intense  localized  CO  sources  in  the  Galaxy  beyond  the 
nuclear  region. 

The  velocity  spans  of  these  outstanding  features  are 
the  greatest  observed  for  molecular  gas  in  the  Galaxy 
outside  the  nuclear  disk.  The  velocity  widths  ( FWHM)  reach 
140  km  s-1  for  the  object  at  1=  3.2°  and  100  km  s-1  for  the 
object  at  1=  5.3°  Their  CO  emission  is  remarkably  smooth 
along  the  large  velocity  spans,  even  though  some  structure 
is  also  apparent  (Fig.  III-l). 

The  unusual  characteristics  of  these  objects  are 
particularly  notable  in  1-V  diagrams  (Fig.  III-2), 
integrated  over  1°  in  latitude  below  (a)  and  above  the 
Galactic  plane  (b) . The  wideline  objects  appear  as  intense 
horizontal  emission  streaks  at  1=  3.2°  and  5.3°.  Contrary 
to  their  large  velocity  extents,  their  longitude  widths  are 
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small,  confined  to  about  0.5°  (4  beamwidths).  This  apparent 
"longitude-crowding"  morphology  that  the  wide- line  objects 
present  in  the  1-V  plane  contrasts  sharply  with  the  1-V 
signature  of  known  arm-like  structures,  which  span  up  to 
tens  of  degrees  in  Galactic  longitude  and  usually  have 
velocity  widths  well  under  40  km  s'1. 

Although  previous  observations  of  the  central  region  of 
the  Galaxy  in  OH  (McGee  et  al.  1970)  and  CO  (Bania  1977) 
have  offered  some  evidence  of  peculiar  "clumps"  or 
"features"  with  surprisingly  wide  lines,  large  portions  of 
their  emission  were  missed  because  of  undersampling.  Owing 
to  the  improved  sampling  density  and  latitude  coverage  of 
our  survey  we  have  been  able  to  determine,  for  the  first 
time,  the  total  extent  and  CO  luminosity  of  these  objects, 
thus  revealing  their  real  importance  (Bitran  et  al.  1985). 

Other,  less  prominent  wide-line  features  can  be  seen  at 
(1,  b,  V)  = (-5.3°,  0.4°,  84  km  s'1);  (-4.4°,  0.6°,  72  km  ' 

s-1);  and  at  (-3.8°,  0.9°,  -83  km  s'1)  (Fig.  III-2).  It  is 
possible  that  the  objects  at  1=  3.2°  and  5.3°  are  the 
largest  members  of  a hierarchy  of  wide-line  clouds  in  the 
inner  Galaxy,  some  of  which  may  even  be  concealed  by  the 
complex  emission  of  the  nuclear  region,  for  example  at  (1, 
b ) = (1.2°,  0.3°)  (Fig.  II-4). 
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Kinematic  Features  or  Molecular  Clouds? 

The  interpretation  of  these  unique  objects  poses 
several  difficult  questions,  and  startling  possible 
consequences.  The  first  question  that  arises  when  pondering 
the  nature  of  the  wide-line  features  is  whether  they  are:  a) 
kinematic  features--  superpositions  of  many  clouds  along  the 
line  of  sight,  like  the  tangent  point  of  a spiral  arm— or  b) 
real  objects—localized  condensations  like  molecular  clouds 
found  elsewhere  in  the  Galaxy,  whose  structure  along  the 
line  of  sight  is  similar  to  that  observed  in  the  plane  of 
the  sky. 

The  first  interpretation  has  been  adopted  by  Bania  et 
al.  (1986)  and  by  Stark  and  Bania  (1986),  who  have  observed 
two  of  our  wide-line  clouds  ((l,b)  = (3.2°,  0.3°)  and 

(-5.3°,  0.4°))  at  high  resolution  in  12C0,  13C0  and  CS. 

Bania  et  al.  (1986)  resolve  the  cloud  at  (l,b)  = (-5.3°, 
0.4°)  into  3 molecular  complexes  with  smaller  velocity 
widths.  They  argue  that  the  3 components  are  not  bound  to 
each  other  and  attribute  their  clustering  in  space  and 
velocity  to  gravitational  forces  working  on  a galactic 
scale.  As  for  the  wide-line  cloud  located  at  (l,b)  = (3.2°, 
0.3°),  observations  by  Stark  and  Bania  (1986)  resolve  the 
cloud  into  16  components.  They  argue  that  the  16  components 
are  aligned  along  the  line  of  sight  forming  a spiral  arm,  or 
dust  lane  in  the  inner  Galaxy. 
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Although  possible,  we  consider  kinematic  explanations 
for  the  wide-line  clouds  extremely  unlikely.  A kinematic 
interpretation  is  most  unlikely  for  a collection  of  wide- 
line  clouds,  since  it  would  imply  an  extremely  privileged 
location  for  the  observer.  It  is  also  an  unlikely 
explanation  for  an  individual  wide-line  object  because,  in 
addition  of  requiring  alignment  of  several  clouds  along  the 
line  of  sight,  the  straight  horizontal  tracks  of  the  wide- 
line  clouds  in  the  1-V  diagrams  (Fig.  III-2)  do  not  resemble 
the  1-V  shapes  of  recognized  kinematic  features,  such  as, 
for  example,  the  tangent  point  of  the  Carina  arm.  While  the 
tangent  point  of  the  Carina  arm  is  symmetrical  about  the 
plane  in  b,  it  is  highly  asymmetrical  in  1,  with  a well 
defined  boundary  in  one  direction  (at  the  arm's  edge)  and 
diffuse  at  the  opposite  direction  (Cohen  et  al.  1985).  In 
contrast,  the  wide-line  objects  have  no  symmetry  about  the 
Galactic  plane  but  are  symmetrical  in  1 with  well  defined 
boundaries  in  both  directions. 

Almost  conclusive  evidence  against  a kinematic 
interpretation,  moreover,  is  provided  by  the  nearly  complete 
abscence  of  a 21  cm  counterpart  to  either  wide-line  cloud 
(see  e.g.  Sinha  1979),  since  kinematic  structures  such  as 
spiral  arms,  tangent  points,  or  dust  lanes  are 
characteristically  conspicuous  in  H I emission. 

Based  on  the  above  discussion,  we  conclude  that  the 
wide-line  features  are  most  likely  to  be  high-density 
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localized  clouds  similar  to  molecular  clouds  found  elsewhere 
in  the  Galaxy,  albeit  peculiar  because  of  their  large 
internal  motions.  This  conclusion,  we  emphasize,  does  not 
preclude  internal  structure,  which  is  generally 
characteristic  of  large  molecular  clouds  and  cloud  complexes 
in  the  Galaxy  (see  e.g.  Dame  1984). 

Because  the  wide-line  clouds  are  closely  confined  to 
the  Galactic  plane,  cluster  about  the  Galactic  center,  and 
have  high  radial  velocities,  they  are  almost  certainly  a 
population  associated  with  the  Galactic  center.  Therefore, 
they  must  be  located  not  much  further  from  the  Galactic 
nucleus  than  their  projected  galactocentric  distances,  0.4 
to  0.8  kpc . 

The  radii,  masses,  and  energies  of  internal  motions  for 
the  wide-line  clouds  have  been  calculated  on  the  assumption 
that  they  are  molecular  clouds  located  at  the  Galactic 
center  (Ro=8.5  kpc).  These  values,  along  with  other 
observational  parameters,  are  listed  in  Table  III-l. 


The  Masses 

Owing  to  their  high  intensity  and  fairly  sharp  edges, 
the  wide-line  clouds  are  defined  with  little  ambiguity 
against  the  CO  background  emission  of  the  inner  Galaxy. 
After  subtraction  of  background  emission  in  Wqq  maps 
integrated  over  the  relevant  velocity  ranges,  effective 
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radii  (r)  are  defined  so  that  nr  is  the  area  within  the  Wco 
contour  at  1/e  of  peak  intensity.  Molecular  masses,  Mqq, 
are  derived  from  the  Wco  summed  over  the  effective  area  of 
each  cloud  using  the  conversion  factor  (Bloemen  et  al. 
1986) , 

( N H2 ) 20  -2-1-1 

= 2.8  x 1CTU  mol  cm  K 1 km  s (3.1) 

WCO 

and  a mean  molecular  weight  of  2.76  x 10-24  gm  (Allen  1973). 
A detailed  description  of  the  calculations  of  the  masses  is 
found  in  Appendix  A,  and  their  values  are  listed  in  Table 
III-l. 

It  is  important  to  note,  however,  that  using  the  above 
conversion  factor,  which  was  derived  from  gamma-ray  and  CO 
observations  of  the  outer  Galaxy,  may  lead  to  an 
overestimation  of  the  masses  of  clouds  near  the  Galactic 
center  by  as  much  as  a factor  of  10  (see  "Molecular  Masses 
near  the  Galactic  Center"  in  Appendix  A).  Therefore,  Table 
III-l  also  lists  the  lower  limit  for  the  masses  of  the  wide- 
line  clouds,  Mco/10. 

Because  of  their  extraordinary  characteristics,  the  two 

leading  wide-line  clouds  at  1=3.2°  and  1=5.3°  were  also 

fully  mapped  in  13C0.  We  found  that  the  clouds'  line 

intensity  ratio  13CO/32CO  was  approximately  1/10,  or  about 

half  of  the  typical  Galactic  value.  Integrated  32CO  and 
13 

CO  spectra,  summed  over  the  angular  extent  of  the  clouds 


47 


are  displayed  in  Fig.  III-3  for  the  cloud  at 

( 1/ b)  = (3 . 2°,  0 . 3°) , and  in  Fig.  III-4  for  the  cloud  at 

( 1 / fc>)  = ( 5 . 3° , -0 . 3° ) . Using  the  spatially  coincident  ^2C0  and 
12 

CO  observations  and  assuming  local  thermodynamic 
equilibrium  (LTE),  masses  for  these  clouds  were  calculated 
following  the  LTE  method  outlined  in  Appendix  A.  The  values 
for  the  LTE  masses,  MLTE  = 5 x 106  MQ  for  the  1=3.2°  cloud 
and  = 1 x 10^  MQ  for  the  1=5.3°  cloud,  are  within  the 

range  of  the  masses  calculated  from  12C0  luminosities  in 
Table  III-l,  but  closer  to  the  lower  limit  (Mco/10) . 

The  virial  masses  of  the  wide-line  clouds,  calculated 
on  the  assumption  of  spherical  symmetry  with  uniform  mass 
distribution  and  using  the  observed  velocity  dispersions 
(see  virial  method  in  Appendix  A),  are  an  order  of  magnitude 
larger  then  the  masses  derived  from  the  CO  luminosities 
(Table  III-l).  If  the  standard  value  for  the  conversion 
factor  N(H2)/WCq  indeed  overestimated  the  CO  masses,  the 
discrepancies  are  even  greater.  The  3.2°  and  5.3°  clouds 
seem  to  be  out  of  virial  equilibrium,  apparently  expanding 
almost  freely  on  a time  scale  t (calculated  as  the  radius 
divided  by  the  rms  velocity  width)  of  0.7  x 106  years. 
Calculations  for  the  smaller  wide-line  objects  give  similar 
results  with  time  scales  of  approximately  1 x 10^  yr  (Table 
III-l) . 
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Origin  of  the  Energy 

The  kinetic  energies  of  internal  motions  of  the  two 
leading  wide-line  clouds,  calculated  assuming  that  they  are 
spherically  symmetric,  homogeneous,  and  expanding,  range 
between  1052  and  1054  ergs  (Table  III-l).  A source  of 
energy  capable  of  producing  about  1054  ergs  in  a small 
region  (r~50pc)  is  required  to  drive  the  largest  wide-line 
cloud.  Such  high  energies  are  unlikely  to  be  produced  by 
supernovae,  stellar  winds,  cloud  collisions  or  tidal  forces, 
which  are  the  main  energy  sources  for  the  interstellar 
medium  (ISM). 

Let  us  consider  first  stellar  energy  sources.  The 
total  energy  output  of  a supernova  outburst  is  estimated  to 
53 

be  ~10  ergs.  The  kinetic  energy  of  the  ejecta  is  about 
1051  ergs  (Chevalier  1977),  following  the  explosion  this 
energy  is  transferred  to  the  interstellar  medium.  Stellar 
winds  from  0 stars  are  also  an  important  source  of  energy 
for  the  ISM;  the  stellar  wind  of  a massive  0 star  (M  > 20 
M0 ) can  impart,  over  the  lifetime  of  the  star,  a mechanical 
energy  to  the  ISM  that  is  comparable  to  that  of  'a  supernova 
outburst  (McCray  and  Snow  1979).  Assuming  then,  that  both  a 
supernova  and  an  0 star  each  deposit  at  the  most  ~ 1051 

ergs  of  kinetic  energy  in  the  parental  molecular  cloud,  at 
least  10  to  10  such  events  are  required  to  drive  the 
largest  wide-line  cloud. 
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Starbursts  producing  large  number  of  0 stars  and 
supernovae  have  been  shown  to  account  fairly  well  for  the 
characteristics  of  active  energetic  sources  such  as  the 
nuclei  of  M82  and  NGC253  (Rieke  et  al.  1980).  In  the  case 
of  the  wide-line  clouds,  however,  the  copious  ionization  and 
far-infrared  emission  that  such  massive  star  formation  would 
produce,  are  almost  completely  absent.  The  main  wide-line 
clouds  are  inconspicuous  in  the  IRAS  and  other  far-IR 
surveys  of  the  Galactic  center  (e.g.  Campbell  et  al.  1985), 
practically  invisible  in  radiocontinuum  emission  (Altenhoff 
et  al.  1978),  and  only  a few  weak  5 GHz  sources  lie  in  their 
vicinity  (Downes  et  al.  1980).  The  deficiency  in  ionization 
is  demonstrated  particularly  well  by  a comparison  of  the 
weak  5 GHz  continuum  sources  found  in  the  vicinity  of  the 
3.2°  cloud  (Altenhoff  et  al.  1978)  with  W49,  the  giant  H II 
region  at  14  kpc  resulting  from  approximately  10  0 stars. 
The  only  continuum  sources  within  1°  of  the  3.2°  cloud  are 
at  least  one  order  of  magintude  less  intense  than  W49  and 
are,  therefore,  presumably  the  result  of  only  a few  0 stars 
or  supernovae.  On  the  hypothesis  of  starburst,  therefore, 
the  ionization  in  the  vicinity  of  the  3.2°  and  5.3°  clouds 
would  be  deficient  by  2 to  3 orders  of  magnitude,  and  the 
far-IR  emission  by  at  least  an  order  of  magnitude.  We 
conclude  that,  because  of  the  lack  of  ionization  and  far-IR 
radiation,  O stars  and  supernovae  cannot  account  for  the 
kinetic  energy  of  the  leading  wide-line  objects. 
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Out-of-plane  neutral  hydrogen  observations  provide 
evidence  of  a population  of  high-velocity  clouds  (HVC), 
distributed  through  all  galactic  longitudes  outside  the 
disk,  with  velocities  in  excess  of  80  km  s-1  (see  review  by 
Hulsbosch  1975).  In  a Galactic  fountain  model,  Bregman 
(1980)  proposed  that  the  HVC  condense  from  a Galactic  corona 
formed  by  supernova-heated  gas  from  the  disk  and 
subsequently  fall  back  onto  the  disk.  A massive  cloud 
falling  from  the  Galactic  halo  onto  the  disk,  where  it 
collides  with  molecular  clouds,  can  transfer  large  amounts 
of  kinetic  energy  to  a small  region  in  the  plane.  However, 
the  energy  transferred  to  clouds  in  the  disk  by  a falling 
HVC  would  be  several  orders  of  magnitude  lower  than  that 
required  to  drive  the  leading  wide- line  clouds,  since  the 
masses  and  velocities  of  the  HVC  are  too  small.  Observed 
velocities  of  the  HVC  rarely  exceed  200  km  s"1,  and  although 
their  masses  and  distances  are  poorly  known,  the  most  widely 
accepted  view  is  that  the  HVC  are  only  a few  kpc  out  of  the 
plane  of  the  Galaxy  (Hulsbosch  1975);  therefore,  their 
masses  probably  range  between  102  and  104  MQ.  Moreover,  the 
large  disturbances  that  collisions  of  the  needed  magnitude 
would  cause  in  the  disk  are  not  apparent  in  our  CO  data. 

The  possibility  that  the  wide-line  profiles  were  caused 
by  Galactic  tidal  forces  disrupting  the  clouds  was  also 
investigated.  A necessary  condition  for  a cloud  to  be 
stable  against  tidal  disruption  is  that  its  self-gravitation 
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should  be  greater  than  the  Galactic  tidal  forces  acting  on 
the  cloud.  For  a spherical  cloud  at  galactocentric  distance 
ro'  the  minimum  average  density  for  which  the  cloud  is 
gravitationally  bound  is  given  by  (Mihalas  and  Routly  1968): 

3W 

pc  * 2 It  G 1Wo  “ I <30/dr  I j (3.2) 

where  G is  the  gravitational  constant,  W = 0/r  is  the 

average  angular  velocity,  and  d0/dr  is  obtained  from  a model 
for  the  Galactic  rotation  curve  0(r)  (Burton  and  Gordon 
1978).  Expressing  the  mass  in  solar  masses,  and  the  volume 
in  cubic  parsecs,  the  critical  density  can  be  written  as 

-4  M 

Pc  = 1.11  x 10  * WQ  (WQ  - |d0/dr|  ) [—2-]  (3.3) 

° pcJ 

The  critical  densities  for  the  wide-line  clouds, 
calculated  with  the  above  formula,  are  listed  together  with 
the  observed  densities  in  Table  I I 1-2.  Comparison  of  the 
corresponding  density  values  indicate  that,  if  the  standard 
conversion  factor  between  CO  luminosity  and  H2  column 
density  (Appendix  A)  is  valid  in  the  neighborhood  of  the 
Galactic  center,  the  wide-line  clouds  are  stable  against 
tidal  disruption.  On  the  other  hand,  if  the  CO  masses  of 
the  clouds  near  the  center  have  indeed  been  overestimated  by 
a factor  of  ten  as  proposed  by  Oort  (1977),  the  wide-line 
clouds  would  be  unstable  against  tidal  disruption.  In  case 
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that  this  holds  true,  tidal  disruption  would  be  expected  to 
result  in  elongation  and/or  break-up  of  the  clouds  radially 
towards  the  Galactic  center,  i.e.,  the  tidally  disrupted 
clouds  would  appear  elongated  in  Galactic  longitude  but  not 
in  latitude.  However,  exactly  the  opposite  is  observed  in 
the  wide-line  clouds;  they  are  more  extended  in  Galactic 
latitude  than  in  longitude.  For  these  reasons  it  is 
unlikely  that  Galactic  tidal  disruption  plays  an  important 
role  in  the  production  of  the  wide-line  profiles. 

Are  the  Wide-Line  Clouds  Powered  by  the  Galactic  Nucleus? 

The  inability  of  conventional  energy  sources  to  produce 
enough  energy  to  power  the  largest  wide-line  clouds  prompts 
the  search  for  more  exotic  possibilities.  The  central 
position  of  the  wide-line  clouds  and  the  magnitude  of  the 
energies  involved,  point  to  the  Galactic  nucleus  as  a likely 
energy  source. 

Considering  the  direct  observational  evidence  now 
accumulating  for  energetic  phenomena  at  the  Galactic  nucleus 
(Lo  1985)  and  for  resemblance  to  a Seyfert  nucleus  (Kassim 
et  al.  1985,  1986),  the  general  explanation  of  the  wide-line 
clouds  that  we  find  most  plausible  is  that  they  are  the 
large  molecular  clouds  that  happened  to  be  in  the  vicinity 
of  the  Galactic  nucleus  at  the  time  of  a Seyfert  outburst 
about  one  million  years  ago. 
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The  bolometric  luminosity  of  a Seyfert  nucleus  ranges 
from  1043  to  1046  erg  s_1  (Wilson  1982);  a typical  value 

being  3.8  x 1045  erg  s-1  (~10'1'3  Lq)  according  to  Osterbrock 

(1984).  The  time  scale  of  a Seyfert  event  is  estimated  from 
the  characteristic  velocities  (103  to  104  km  s-1)  and  sizes 
(~1  kpc)  of  the  disturbed  central  regions  to  be  between  105 

r 

and  10  years.  A moderately  bright  Seyfert  event  with  a 

11  44  -1 

luminosity  of  ~ 10  Lq  (7.6  x 10  ergs  s ),  and  lasting 

an  average  time  of  5 x 105  yrs,  will  deposit  in  the 
surrounding  ISM  a total  energy  of  1.2  x 1058  ergs.  The 
largest  wide-line  cloud  subtends  an  angle  of  about  10-3  sr 
as  seen  from  the  Galactic  center,  and  in  such  Seyfert 
outburst  at  the  Galactic  nucleus  would  be  illuminated  by 
5 6 

~ 10  ergs  of  radiant  energy.  A fraction  of  1%  of  this 
energy  transformed  to  kinetic  energy  would  account  for  the 
observed  internal  motions. 

In  the  Seyfert  outburst  scenario,  the  large  internal 
motions  of  the  wide-line  clouds  would  be  the  result  of  rapid 
ionization  and  heating  "in  situ"  by  the  UV  and  X-rays  of  the 
flat  Seyfert  spectrum  (and  possibly  by  relativistic 
particles)  followed  by  isothermal  free  expansion  of  the 

4 

resultant  hot  (~2xl0  K) , high-pressure  fireball  through 
the  sonic  speed  ( ~ 10  km  s”3).  During  the  outburst,  a 
distant  observer  might  have  classified  the  cloud  as  a 
Seyfert  forbidden-line  filament.  In  fact  the  velocity 
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widths,  sizes,  and  densities  of  the  forbidden-line  filaments 
observed  in  Seyfert  Galaxies  (Osterbrock  1984)  are 
comparable  to  those  of  the  wide-line  clouds.  On  termination 
of  the  outburst,  without  a sustained  source  of  ionizing 
photons,  the  electrons  and  ions  will  recombine  and  become 
neutral  in  a short  time.  Lo  (1986)  quotes  a recombination 
time  of  less  than  10  years  for  Sgr  A West.  The 
recombination  time  is  inversely  proportional  to  the  ionized 
gas  density  and,  therefore,  it  is  likely  to  be  about  a few 
hundred  years  for  the  wide-line  clouds.  Molecular  formation 
would  follow  on  a time  scale  difficult  to  specify  (since  it 
would  depend  on  the  fate  of  the  dust  grains),  but  presumably 
well  within  the  last  million  years. 

Once  set  in  motion,  the  dense  gas  of  a large  molecular 
cloud  is  not  readily  stopped,  as  Oort  (1977)  has  emphasized, 
and  the  wide- line  objects  would  be  among  the  most  durable 
remnants  of  a Seyfert  outburst  in  a spiral  Galaxy  such  as 
ours.  The  3 kpc  and  the  135  km  s-^  classic  expanding  arms 
of  the  inner  Galaxy  could  be  descendants  of  a previous 
generation  of  wide-line  objects  (the  masses  and  the  kinetic 
energies  are  about  right,  if  some  swept-up  material  is 
added),  and  the  difference  in  age  between  these  arms  and  the 
wide-line  objects  would  be  a rough  measure  of  the  time 
between  successive  outburst:  about  10  Myr. 

Although  the  proposed  mechanism  can  account  for  the 
high  energies  needed  to  drive  the  wide-line  clouds  and  could 
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also  explain  some  of  the  expanding  features  farther  from  the 
nucleus,  it  has  several  weak  points:  It  is,  of  course, 

debatable  that  our  Galaxy  has  had  Seyfert-like  behavior, 
with  an  outburst  taking  place  as  recently  as  a million  years 
ago;  the  mechanisms  for  the  absorption  of  energy  by  the 
clouds  and  the  efficiency  of  transformation  to  kinetic 
energy  are  unclear;  the  velocity  widths  of  the  wide-line 
clouds  are  a few  times  smaller  than  those  observed  in 
Seyfert  filaments  and  do  not  surpass  the  velocities  allowed 
by  the  rotation  curve  of  the  Galaxy.  Also,  as  a consequence 
of  the  outburst,  the  population  of  wide-line  clouds  near  the 
Galactic  center  would  be  expected  to  be  larger.  This  may 
indeed  be  the  case,  however,  since  wide-line  clouds  located 
in  the  central  3°  of  the  Galaxy  are  hard  to  recognize 
because  they  would  blend  with  the  complex  emission  of  the 
region.  In  fact,  in  1-V  diagrams  (Fig.  II-8,  I I I — 2 ) , the 
central  region  appears  studded  by  several  horizontal  streaks 
which  could  be  unrecognized  wide-line  clouds. 

In  summary,  the  wide- line  features  are  among  the  most 
puzzling  phenomena  observed  in  the  central  region  of  the 
Galaxy.  Their  characteristics  suggest  that  they  are 
localized  high-density  molecular  clouds  situated  near  the 
Galactic  center.  Conventional  mechanisms  cannot  provide  the 
energies  required  to  explain  their  large  internal  motions. 

We  propose  that  the  Galactic  nucleus  is  the  energy  source 
for  the  wide-line  clouds,  which  implies  that  our  Galaxy 
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underwent  a Seyfert-like  outburst  about  one  million  years 


ago . 
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TABLE  3.1 

WIDE-LINE  MOLECULAR  CLOUDS 


Obj  ect 
1°,  b° 

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 

(g) 

(h) 

5.3, -0.3 

95 

43 

786 

31 

0.7-6. 4 

64 

35-350 

0.7 

3.2,  0.3 

104 

60 

477 

43 

2.3-23 

175 

250-2500 

0.7 

-3. 8, 0.9 

-83 

19 

579 

19 

0.2-1. 7 

8 

2-18 

1.0 

-4. 4, 0.6 

72 

22 

658 

20 

0.2-1. 7 

11 

3-25 

0.9 

-5. 3, 0.4 

84 

20 

787 

25 

0.5-5. 2 

12 

6-62 

1.2 

(a) :  cloud  mean  velocity  [km/s] 

(b) :  rms  velocity  width,  AVrms  [km/s] 

(c) :  projected  distance  from  Galactic  nucleus  [pc] 

(d) :  effective  radius  [pc] 

(e) :  CO  mass  range  [ 106  MQ] 

(f) :  virial  mass  [10^  MQ] 

(g) :  internal  kinetic  energy  range  [ 1051  ergs] 

(h)  : characteristic  time  (r/AVrmsj  [ 106  yr] 
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TABLE  3.2 

DENSITIES  OF  THE  WIDE-LINE  CLOUDS 


Obj  ect 
1(°),  b(°) 

(a) 

(b) 

(<=) 

5.3,  -0.3 

71 

7.1 

13.6 

3.2,  0.3 

96 

9.6 

33.0 

-3.8,  0.9 

80 

8.0 

25.2 

-4.4,  0.6 

69 

6.9 

20.1 

-5.3,  0.4 

108 

10.8 

13.5 

(a) :  measured  cloud  density  [M0/pc3] 

(b) :  lower  density  limit  [MQ/pc3] 

(c) :  critical  density  [MQ/pc3] 
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Fig.  III-l  Spectra  taken  across  the  1=3.2°  cloud. 
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Fig.  I I 1-3  12C0  and  ^2C0  spectra  of  the  wide-line  cloud 
at  (l,b)=(3.2°/0.3°)/  summed  over  the  cloud's 
angular  size. 
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Fig.  III-4  ^CO  and  CO  spectra  of  the  wide-line  cloud 

at  ( 1, b)=( 5 . 3°, -0 . 3°) , summed  over  the  cloud's 
angular  size. 


CHAPTER  IV 

A CATALOGUE  OF  MOLECULAR  CLOUDS  IN  THE  INNER  GALAXY 

A distinctive  characteristic  of  the  molecular  gas  in 
the  Galaxy,  in  contrast  with  the  atomic  gas,  is  its  clumpy 
spatial  distribution.  While  the  atomic  gas  is  distributed 
smoothly,  the  molecular  gas  is  found  concentrated  in  clouds 
and  cloud  complexes.  The  larger  complexes,  self-gravitating 
aggregates  with  masses  of  the  order  of  105  MQ  and  radii  of 
approximately  50  pc,  are  known  as  "giant  molecular  clouds" 
(GMC).  They  are  recognized  as  the  phase  of  the  Inter 
Stellar  Medium  (ISM)  where  most  star  formation  takes  place 
and  are  useful  tracers  of  spiral  structure  (Dame  1984). 

Because  of  its  clumpy  nature  the  distribution  of 
molecular  gas  in  the  Galaxy  is  best  quantified  by  an 
inventory  or  catalogue  of  molecular  clouds.  A catalogue 
that  lists  the  location  and  physical  characteristics  of 
molecular  clouds  in  the  inner  Galaxy  is  useful  to  study 
spiral  structure  and  star  formation  in  this  region,  and  for 
comparison  with  molecular  clouds  in  the  outer  Galaxy.  In 
this  chapter  we  present  a catalogue  of  molecular  clouds  in 
the  inner  Galaxy.  The  catalogue  lists  the  mean  coordinates, 
radial  velocities,  radius,  velocity  width  and  apparent  CO 
luminosity  of  the  molecular  clouds  in  the  region  (see  Tables 
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IV- 1 to  8).  This  is  the  only  catalogue  of  molecular  clouds 
in  the  inner  Galaxy,  available  to  date,  with  a complete 
latitude  coverage. 

The  catalogue,  which  includes  the  observed  high- 
velocity  clouds,  is  organized  by  membership  of  the  clouds  in 
recognized  H I structures  such  as  the  3 kpc  arm,  the  135  km 
s arm,  etc.  (see  Chapter  II).  The  membership  of  the 
clouds  in  these  structures  was  decided  by  spatial  and 
velocity  coincidence  of  the  clouds  with  the  locus  of  the  H I 
structures  as  they  appear  in  a survey  by  Cohen  (1975).  In 
several  instances,  superpositions  of  features  make  the 
identification  of  clouds  and  their  membership  in  H I 
structures  uncertain.  Therefore,  it  is  likely  that  the 
classification  of  some  of  the  clouds  may  have  to  be  revised 
when  higher-resolution  observations  become  available.  The 
clouds  at  the  Galactic  center  are  difficult  to  identify 
against  the  intense,  wide-velocity  background,  therefore 
they  have  not  been  included  in  the  catalogue.  The  wide-line 
clouds  are  catalogued  in  chapter  III. 

The  procedure  for  determining  the  boundaries  of  the 
clouds  was  done  as  follows.  The  clouds  were  identified  in 
"clipped"  latitude-integrated  1-V  diagrams.  These  diagrams 
are  produced  by  setting  to  zero  the  contributions  of 
channels  with  antenna  temperature  lower  than  a certain 
threshold  value.  The  molecular  clouds  are  seen  distinctly 
in  this  type  of  diagram,  when  the  threshold  has  been 
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properly  set  to  eliminate  the  difusse  background  emission. 
Through  trial  and  error,  a threshold  temperature  of  2 K was 
found  generally  adequate  to  produce  good  contrast  in  the 
diagrams,  without  eliminating  identifiable  clouds.  An 
integrated  spectrum  (T  vs.  V)  was  then  produced  for  each 
cloud  by  adding  the  spectra  within  the  spatial  boundaries  of 
the  cloud.  The  boundaries  of  the  clouds  were  found  by 
inspection  of  the  1-V,  1-b,  and  b-V  diagrams  displayed  in 

appendices  B,  C,  and  D.  The  limits  of  the  clouds  were 
revised  by  examining  temperature  profiles,  and  the  procedure 
iterated  until  all  the  emission  from  the  cloud  was  included 
in  the  integrated  spectrum. 

The  location  and  velocities  of  the  clouds  in  the 
catalogue  are  given  as  the  intensity-weighted  mean 
coordinates.  We  have  chosen  these  coordinates  rather  than 
the  more  commonly  used,  and  easier  to  find,  peak  coordinates 
because  they  are  more  physically  meaningful.  The  intensity- 
weighted  coordinates  are  closer  to  the  center-of-mass 
coordinates  of  the  cloud,  since  the  CO  intensity  is 
proportional  to  the  molecular  mass  (see  Appendix  A) 

The  intensity-weighted  mean  longitude  was  calculated 

as. 


(4.1) 


similarly  the  mean  latitude  is. 
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< b > 


(l,b,V) 


b 


( 1, b, V) 


and  the  mean  velocity. 


Ti  ( l,b, V)  V 


E T d,b,V) 
1 / b,  V 1 


(4.2) 


(4.3) 


The  listed  radius  corresponds  to  the  equivalent  radius 
of  a circle  having  an  area  equal  to  the  cloud's  observed 

area,  and  is  calculated  as  r = (A/rt)1//2.  The  velocity 
widths  of  the  clouds,  found  in  Tables  IV  1-8,  correspond  to 
the  FWHM  calculated  from  Gaussian  analysis  of  the  integrated 
spectra.  The  integrated  spectra  were  also  used  to  calculate 
the  apparent  CO  luminosity,  Ico.  This  quantity  was 
calculated  according  to  the  expression:  Ico  = Tsum  x D1  x Db 
x DV,  where  the  area  under  the  integrated  spectrum  is  Tsum, 
the  spatial  picture  elements  are  Dl=Db=0. 125°,  and  the 
velocity  resolution  element  is  DV=1 . 3 km  s_1.  The  apparent 
CO  luminosities  are  followed  by  their  corresponding  rms 
uncertainties . 

Because  of  the  large  noncircular  motions  observed  in 
the  central  region  of  the  Galaxy,  kinematic  distances  to 
clouds  in  this  area  are  not  reliable;  therefore  they  are  not 
listed  in  the  catalogue.  For  some  clouds,  however,  it  has 
been  possible  to  find  associated  H II  regions  by  spatial  and 
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velocity  identification  in  catalogues  of  H II  regions  (e.g. 
Georgelin  and  Georgelin  (1976),  Lockman  (1979),  and  Downes 
et  al.(1980)).  When  an  estimate  for  the  distance  of  the 
associated  H II  region  was  available,  the  molecular  mass  of 
the  clouds  was  calculated.  The  mass  of  a cloud  can  be 
calculated  directly,  in  solar  masses,  from  the  CO  luminosity 
Ico,  and  the  distance  d in  kpc,  with  the  formula 

M = 1.9  x 103  Ico  d2  (4.4) 

For  details  on  the  mass  calculations  see  Appendix  A. 


Notes  on  Selected  Clouds. 

We  have  examined  catalogues  of  H II  regions  looking  for 
counterparts  to  the  molecular  clouds  listed  in  the 
catalogue.  Associations  of  molecular  clouds  and  H II 
regions  provide  evidence  of  star  formation  and  of  real 
density  enhancements  as  opposed  to  features  produced  by 
velocity  crowding.  The  identification  of  molecular  clouds 
with  H II  regions  is  far  from  exhaustive  because  of 
incompleteness  of  the  available  H II  catalogues  in  spatial 
and  velocity  coverage. 

Cloud  # 15,  3 kpc  arm.  This  cloud  located  at  (1,  b,  V) 
= (5.35°,  -0.03°,  -20  km  s'1)  may  be  associated  to  the  H II 
region  at  (1,  b,  V)  = (5.479°,  -0.241°,  -26  km  s'1)  (Downes 
et  al.  1980).  This  association  would  provide  substantial  • 
evidence  of  star  formation  in  the  3 kpc  arm,  contradicting 
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earlier  observations  (Lockman  1980)  in  which  no  tracers  of 
star  formation  were  found.  If  this  cloud  is  located  at  a 
distance  of  5.5  kpc,  its  molecular  mass  would  be  4.7  x 10~* 

Mo- 

Cloud  # 3,  III  b.  Cloud  # 3 at  (1,  b,  V)  = (7.56°, 
0.05°,  122  km  s'1)  is  probably  associated  to  the  H II  region 
at  (1,  b,  V)  = (7.472°,  0.06°,  121  km  s'1).  Downes  et  al. 
(1980),  argue  that  this  source  is  located  at  27±5  kpc. 
This  distance  implies  a molecular  mass  of  3±1  x 106  MQ . 

Cloud  # 8,  III  b.  The  location  of  this  cloud,  (1,  b, 
V)  = (12.17°,  -0.02°,  118  km  s'1)  indicates  an  association 
with  a source  at  (1,  b,  V)  = (12.284°,  -0.116°,  119  km  s'1). 
The  distance  in  Downes  et  al.  catalogue,  16±1  kpc,  implies 
a mass  of  1.2  x 106  MQ. 
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TABLE  4.1 

MOLECULAR  CLOUDS  IN  THE  3 KPC  ARM 


# 

<1> 

(°) 

<b> 

(°) 

<V> 

( km/s ) 

V r 

(km/s)  (') 

:co 

(a) 

O" 

(a) 

1 

-10.24 

0.13 

-107 

10 

15 

4.18 

0.03 

2 

-9.37 

0.43 

-105 

13 

15 

6.33 

0.04 

3 

-8.47 

-0.29 

- 95 

8 

25 

7.89 

0.04 

* 

4 

-7.79 

-0.14 

- 93 

6 

22 

7.43 

0.04 

* 

5 

-7.46 

-0.11 

- 84 

10 

25 

13.25 

0.05 

* 

6 

-6 . 66 

0.08 

- 87 

11 

31 

21.49 

0.07 

Je 

7 

-5.87 

0.13 

- 85 

9 

21 

5.24 

0.04 

8 

-4.49 

0.19 

- 76 

13 

16 

7.49 

0.03 

9 

-3.29 

0.29 

- 70 

7 

13 

4.13 

0.02 

10 

3.52 

-0.49 

- 28 

11 

23 

9.43 

0.04 

11 

4.28 

0.45 

- 28 

9 

12 

3.21 

0.07 

12 

4.76 

0.24 

- 28 

8 

12 

3.29 

0.02 

13 

5.35 

-0.03 

- 20 

8 

25 

6.93 

0.04 

14 

9.05 

-0.13 

- 15 

8 

19 

7.49 

0.04 

15 

10.56 

-0.37 

- 2 

10 

17 

8.17 

0.03 

(a)  = [K  sq.  deg.  km/s] 

* = seem  to  form  part  of  a larger  complex 
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TABLE  4.2 

MOLECULAR  CLOUDS  IN  THE  CONNECTING  ARM 


# 

<1> 

(°) 

<b> 

(°) 

<V> 

(km/s) 

V 

(km/s) 

r 

(’) 

:co 

(a) 

CT 

(a) 

1 

3.32 

-0.52 

260 

27 

15 

8.46 

0.05 

2 

3.98 

-0.67 

237 

24 

23 

10.49 

0.08 

3 

4.83 

-0.87 

206 

29 

27 

22.3 

0.1 

4 

5.45 

-0.74 

194 

24 

17 

6.52 

0.05 

5 

6.59 

-0.68 

158 

22 

34 

23.7 

0.1 

6 

7.77 

-0.64 

142 

27 

34 

43.8 

0.1 

7 

9.35 

-0.91 

120 

16 

40 

11.3 

0.1 

(a)  = [K  sq.  deg.  km/s] 
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TABLE  4.3 

MOLECULAR  CLOUDS  IN  FEATURE  III  b 


# 

<1> 

(°) 

<b> 

(°) 

<V> 

( km/s 

V r 

) ( km/s ) ( ' ) 

:co 

(a) 

CT 

(a) 

1 

4.33 

0.01 

89 

10 

12 

1.99 

0.03 

2 

6.76 

0.07 

118 

12 

12 

1.06 

0.03 

3 

7.56 

0.05 

122 

10 

13 

2.30 

0.03 

4 

8.32 

0.00 

126 

15 

13 

3.83 

0.04 

5 

9.20 

-0.02 

126 

10 

17 

4.21 

0.04 

6 

11.54 

0.01 

120 

10 

10 

1.23 

0.02 

7 

12.17 

-0.02 

118 

17 

13 

2.46 

0.03 

8 

12.80 

0.01 

101 

8 

10 

0.78 

0.02 

(a)  = [K  sq.  deg.  km/s] 
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TABLE  4.4 

MOLECULAR  CLOUDS  IN  THE  135  KM/S  ARM 


# 

<1> 

(°) 

<b> 

(°) 

<V> 

( km/s ) 

V r 

(km/s)  (') 

XCO 

(a) 

cr 

(a) 

1 

-0.63 

0.04 

132 

56 

25 

58.0 

0.1 

2 

2.08 

-0.15 

133 

41 

24 

36.1 

0.1 

3 

2.45 

0.29 

159 

15 

15 

3.67 

0.04 

4 

5.34 

0.26 

182 

7 

22 

2.60 

0.04 

5 

5.89 

0.33 

190 

10 

15 

1.10 

0.03 

6 

7.92 

0.29 

183 

15 

19 

3.99 

0.05 

7 

8.94 

0.36 

181 

17 

22 

4.06 

0.06 

(a)  = [K  sq.  deg.  km/s] 
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TABLE  4.5 

MOLECULAR  CLOUDS  IN  FEATURE  IX 


# 

<1> 

(°) 

<b> 

(°) 

<V> 

( km/s ) 

V 

( km/s ) 

r 

(') 

:co 

(a) 

(T 

(a) 

1 

5.92 

0.01 

137 

12 

13 

3.15 

0.04 

2 

6.60 

0.03 

141 

5 

9 

0.43 

0.01 

3 

6.70 

-0.03 

152 

7 

12 

0.90 

0.02 

4 

7.69 

-0.06 

153 

7 

12 

1.21 

0.02 

5 

10.65 

-0.01 

153 

9 

18 

2.96 

0.04 

6 

12.19 

-0.08 

147 

10 

13 

0.96 

0.03 

7 

12.73 

-0.04 

145 

12 

9 

0.74 

0.02 

(a)  = [K  sg.  deg.  km/s] 
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TABLE  4.6 

MOLECULAR  CLOUDS  IN  THE  NORMA  ARM 


# 

<1> 

(°) 

<b> 

(°) 

<V>  V r 

( km/s ) ( km/s ) ( ' 

rco 
) (a) 

(T 

(a) 

1 

-11.30 

0.165 

-68 

17 

13 

7.98 

0.04  * 

2 

-10.82 

0.130 

-66 

15 

13 

7.41 

0.04  * 

3 

-9.95 

0.082 

-64 

17 

18 

11.85 

0.05  * 

4 

-8.49 

0.252 

-45 

7 

17 

4.82 

0.02 

5 

-8.00 

0.-185 

-53 

12 

15 

5.40 

0.03 

6 

-6.69 

-0.040 

-49 

20 

22 

13.41 

0.05 

7 

-4.36 

0.690 

-34 

7 

17 

4.08 

0.03 

8 

-1.99 

-0.400 

-24 

7 

17 

5.47 

0.03 

* seem  to  form  part  of  a larger  complex 


(a)  = [K  sq.  deg.  km/s] 
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TABLE  4.7 

MOLECULAR  CLOUDS  IN  THE  SCUTUM-CRUX  ARM 


# 

<1> 

(°) 

<b>  <V> 

(°)  (km/s) 

V 

(km/s) 

r 

(') 

ICO 

(a) 

CT 

(a) 

1 

-10.11 

0.157 

-39 

12 

21 

10.54 

0.04 

2 

-9.19 

0.414 

-36 

15 

13 

4.88 

0.03 

3 

-5.24 

0.640 

-21 

7 

17 

10.94 

0.04 

(a) 

= [K  sq. 

deg. 

km/s  ] 
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TABLE  4.8 

MOLECULAR  CLOUDS  IN  THE  70  KM/S  ARM 


# 

<1> 

(°) 

<b>  <V> 

(°)  (km/s) 

V 

(km/s) 

r 

C) 

ICO 

(a) 

cr 

(a) 

1 

-11.58 

0.02 

4 

12 

10 

1.29 

0.02 

2 

-10.79 

-0.01 

15 

10 

10 

1.55 

0.02 

3 

-9.98 

0.03 

17 

10 

16 

3.52 

0.04 

4 

-8.33 

0.05 

42 

10 

10 

0.66 

0.03 

5 

6.44 

-0.08 

81 

10 

10 

0.98 

0.02 

6 

7.27 

-0.03 

91 

10 

17 

2.99 

0.03 

7 

10.99 

-0.04 

91 

17 

12 

1.58 

0.03 

8 

11.96 

0.02 

97 

10 

17 

2.80 

0.03 

(a)  = [K  sq.  deg.  km/s] 


CHAPTER  V 

THE  KINEMATICS  OF  THE  MOLECULAR  GAS  IN  THE  INNER  GALAXY 

Introduction 

The  kinematics  of  the  atomic  and  molecular  gas  in  the 
inner  Galaxy  are  complex  because  of  noncircular  motions, 
large-scale  asymmetries  in  longitude  and  velocity,  and  a 
spatial  distribution  inclined  with  respect  to  the  Galactic 
plane.  The  situation  is  further  complicated  by  the  two-fold 
distance  ambiguity  inside  the  solar  circle  and  by  the 
pervasive  effects  of  streaming  motions  of  the  gas.  It  is 
not  surprising,  therefore,  that  no  interpretation  or  model 
proposed  to  date  can  successfully  account  for  all  the 
features  observed. 

Most  efforts  towards  understanding  the  kinematics  of 
the  inner  Galaxy  are  based  on  H I data  and,  in  general,  fall 
into  three  broad  categories,  namely:  1)  ejection  models,  2) 
gravitational-field  models,  and  3)  phenomenological  models. 
Their  characteristics  and  shortcomings  are  discussed  below. 

In  ejection  models,  the  radial  motions  are  attributed 
to  gas  in  expansion  expelled  from  the  Galactic  nucleus.  An 
ejective  origin  of  the  3 kpc  and  135  km  s-1  arms  (Van  der 
Kruit  1971),  for  example,  would  require  the  expulsion  of 
about  108  MQ  of  gas  from  the  nucleus  (Oort  1977).  Such 
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large  amounts  of  gas  cannot  be  replenished  by  normal  stellar 
evolution  over  the  lifetime  of  the  features  (~  106  yr) . 
Although  this  problem  could  be  circumvented  by  circulation 
of  the  clouds  through  the  center  (Oort  1977),  the  essential 
remaining  objection  to  ejection  models  is  that  several 
collimated  events  with  various  energies  and  occurring  at 
different  specific  epochs  have  to  be  invoked  to  explain  the 
observed  features. 

Field  models  assume  that  the  radial  motions  of  the  gas 
are  the  response  to  asymmetries  in  the  gravitational  field 
at  the  Galactic  center.  In  order  to  explain  the  observed 
radial  motions  and  the  tilt  of  the  gas  distribution  using 
the  field  hypothesis,  the  mass  distribution  at  the  center  is 
required  to  be  both  non- axi symmetric  and  tilted  to  the 
Galactic  plane.  While  there  is  no  evidence  that  the  central 
star  bulge--the  main  contributor  to  the  mass  density  at  the 
center--deviates  from  axial  symmetry,  a relatively  small 
systematic  deviation  from  symmetry  is  possible,  and  could 
explain  some  of  the  non-circular  motions  observed.  For 
example,  a 10%  oval  distortion  of  the  bulge  can  account  for 
the  radial  motions  of  the  3 kpc  arm  according  to  Yuan 
(1985).  However,  it  is  unlikely  that  the  central  star  bulge 
has  a significant  tilt  with  respect  to  the  plane,  because 
the  late-type  stars  of  which  it  is  composed  have  high 
random-velocities  and  are  probably  well-mixed.  Moreover, 
inclined  bulges  are  not  observed  in  external  edge-on 
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galaxies,  perhaps  because  the  torques  acting  on  an  inclined 
bulge  (Tremaine  and  Weinberg  1984)  would  make  it  unstable. 
Due  to  these  constraints  it  is  very  unlikely  that  field 
models,  except  perhaps  triaxial  models  (discused  below),  can 
account  for  the  tilt  of  the  gas  layer  and  several  other 
structures  such  as  some  jet-shaped  features  observed  in  H I, 
the  molecular  ring  (Chapter  II),  and  the  wide-line  clouds 
(Chapter  III). 

Owing  to  the  complexity  of  the  gas  motions  in  the 
Galactic  center  region,  and  the  lack  of  knowledge  of  the 
dynamics  involved,  purely  phenomenological  models 
independent  of  dynamical  considerations--  that  account  for 
different  features  with  a unifying  assumption  are  useful  to 
constrain  dynamical  interpretations  of  the  inner-Galaxy  gas. 
For  example.  Burton  and  Liszt  (1978)  were  able  to  account 
for  several  observed  H I features  by  assuming  that  most  of 
the  gas  at  the  center  is  confined  to  a disk  in  expansion  and 
rotation  inclined  22°  to  the  Galactic  equator.  Peters 
(1975)  was  able  to  account  for  the  radial  motions  of  the  3 
kpc  and  135  km  s--*-  arms  by  assuming  that  the  gas  at  the 
center  moves  in  elliptical  streamlines.  Liszt  and  Burton 
(1980)  have  also  accounted  for  several  different  H I 
features  by  assuming  that  the  gas  moves  along  elliptical 
streamlines  such  as  those  produced  in  a bar-like  potential, 
but  without  reference  to  a particular  mass  distribution. 
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The  dynamical  foundation  lacking  in  phenomenological 
models  could  be  obtained  if  one  assumes  that  the  stellar 
Galactic  bulge  is  a rotating  triaxial  ellipsoid. 
Calculations  of  orbits  in  rotating  triaxial  potentials 
( Schwarzchi Id  1979,  Heiligman  and  Schwarzchild  1979)  can 
produce  closed  elliptical  orbits  in  retrograde  motion  and 
stable  elliptical  orbits  inclined  with  respect  to  all  the 
planes  of  symmetry.  These  orbits  could  explain,  in 
principle,  the  presence  of  gas  at  "forbidden  velocities"  and 
the  tilted  distribution  of  the  gas  at  the  center  (Lake  and 
Norman  1982).  So  far,  however,  triaxial  models  have  failed 
to  reproduce  the  gas  kinematics  of  the  Galactic  center. 
Heiligman  (1982)  used  a triaxial  potential,  of  the  form 
shown  to  be  self-consistent  by  Schwarzchild  (1979),  to 
calculate  stable  orbits  intended  to  reproduce  13C0 
observations  in  the  inner  400  pc  of  the  Galaxy.  The  model, 
constrained  to  the  plane,  reproduces  the  general 
distribution  of  the  gas  in  the  1-V  plane,  but  not  the  135  km 
s-1  arm  or  the  molecular  ring.  Vietri  (1986),  developed 
realistic  self-consistent  models  for  the  Galactic  potential 
aimed  at  reproducing  the  inclined  disk  of  Burton  and  Lizst 
(1978).  He  concludes  that  "...it  is  unlikely  that  the  22° 
tilt  of  the  H I ring  at  r=1.5  kpc  can  be  explained  in  terms 
of  the  tilted  stable  retrograde  orbits  in  a rotating 
triaxial  bulge,"  Vietri  (1986,  pg.  62). 
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The  failure  of  these  different  types  of  models  to 
account  for  the  kinematics  of  the  gas  near  the  Galactic 
center  is  probably  a consequence  of  the  use  of 
oversimplified  assumptions  for  the  explanation  of  an 
intrinsically  complex  situation.  In  this  state  of  affairs, 
it  seems  most  useful  to  concentrate  our  efforts  on 
accurately  measuring  observational  parameters  that  can 
provide  critical  constraints  for  the  different  types  of 
models  discussed  above.  Owing  to  the  high  sensitivity, 
large  spatial  and  velocity  coverage  and  high  sampling 
density  of  the  present  survey,  the  CO  data  collected  in  this 
survey  are  particularly  suited  for  this  purpose. 

The  Molecular  Disk 

Dynamical  and  phenomenological  models  of  the  Galaxy 
should  account  for  the  distribution  and  kinematics  of  the 
interstellar  gas.  Conversely,  the  characteristics  of  the 
molecular  gas  layer  can  provide  important  constraints  on 
such  models.  In  this  section  we  discuss  the  measurements  of 
the  inclination  and  thickness  of  the  molecular  gas  layer  in 
the  inner  Galaxy  obtained  in  this  survey,  and  their 
relevance  to  models  proposed  for  this  region. 
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The  Tilt  of  the  Molecular  Disk 

Since  the  first  H I surveys  of  the  center  region, 
observers  have  noted  that  the  emission  occurs  preferentialy 
in  opposing  quadrants  (1>0°,  b<0°  and  1<0°,  b>0°),  so  that 
the  gas  distribution  appears  inclined  to  the  Galactic 
equator.  The  magnitude  and  extent  of  the  tilt  of  the 
gaseous  disk  are  important  quantities  for  models  of  the 
region.  In  particular,  they  are  critical  for  the  models 
proposed  by  Burton  and  Lizst  (1978)  and  Lizst  and  Burton 
(1978,  1980),  since  their  basic  assumption  is  that  the  gas 
in  the  inner  Galaxy  (H  I and  CO)  is  contained  in  structures 
tilted  to  the  Galactic  plane. 

Although  there  is  consensus  on  the  direction  of  the 
tilt,  its  magnitude  remains  controversial.  A tilt  of  about 
8°  was  found  by  Kerr  (1968)  for  the  distribution  of  neutral 
hydrogen.  The  rotating  and  expanding  disk  proposed  by 
Burton  and  Lizst  (1978)  is  tilted  by  22°  with  respect  to 
h=0°  and  78°  to  the  plane  of  the  sky.  These  values  were 
found  by  fitting  synthetic  spectra  to  H I observations  and 
from  the  inclination  of  high-velocity  gas  in  moments  maps. 
In  another  model,  Liszt  and  Burton  (1980)  propose  that  the 
gas  at  the  center  is  in  pure  rotation,  confined  to  a bar- 
like structure  inclined  13.5°  to  the  Galactic  Equator,  by 
70°  to  the  plane  of  the  sky  and  at  an  orientation  angle  of 
41.5°.  These  models  are  shown  to  account  for  H I features 
Ilia,  IV,  X,  and  XII  (see  Chapter  II),  and  the  authors  claim 
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that  they  also  explain  the  distribution  of  molecular  gas  at 
the  Galactic  center.  However,  Heiligman  (1982)  observing 
CO  within  2°  of  the  center,  found  a tilt  of  7°  for  the 
high-velocity  molecular  gas  and  no  appreciable  tilt  for  the 
high-intensity  gas  at  the  center.  Sanders,  Solomon,  and 
Scoville  (1984),  also  found  a tilt  of  7°  from  their  12C0 
observations  for  l>-4°,  after  subtracting  the  contribution 
of  the  gas  in  the  foreground. 

The  disagreement  on  the  magnitude  of  the  tilt  of  the 
gaseous  disk  at  the  Galactic  center  is  due,  in  part,  to 
different  methods  used  to  measure  the  angle  of  inclination. 
Discrepancies  that  remain  after  allowing  for  the  different 
methods  used  probably  reflect  intrinsic  differences  in  the 
distribution  of  the  atomic  and  molecular  gas  at  the  Galactic 
center . 

In  order  to  investigate  how  the  methods  used  to  measure 
the  inclination  affect  the  results,  we  have  measured  the 
tilt  of  the  CO  emission  ridge  to  the  Galactic  plane  in  three 
different  ways:  a)  from  an  1-b  map  integrated  over  all 

observed  velocities,  i.e.  from  the  distribution  of  CO 
emission  in  the  plane  of  the  sky,  b)  from  1-b  maps 
integrated  over  selected  velocity  ranges  that  exclude  the 
contribution  of  local  emission,  and  c)  from  the  1-b 
distribution  of  the  emission  at  extreme  velocities. 

A problem  encountered  when  attempting  to  measure  the 
inclination  of  the  molecular  disk  from  1-b  maps  is  to  define 
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the  structure  or  ridge  whose  inclination  is  to  be  measured. 
When  the  location  and  extent  of  the  ridge  is  decided  by 
eyeball  estimates,  considerable  error  occurs.  In  order  to 
diminish  this  uncertainty,  we  adopted  the  following 
procedure,  first  we  calculated  the  intensity-weighted  mean 
latitude  of  the  CO  emission  every  0.25°  (2  beamwidths)  in 
longitude,  and  then  we  fitted  a least-squares  intensity- 
weighted  straight  line  to  the  ridge  of  mean  latitudes.  We 
adopted  this  line  as  a first  order  representation  of  the  CO 
emission  in  the  plane  of  the  sky,  and  used  it  to  define  the 
tilt  of  the  molecular  disk  to  the  Galactic  equator  in  the 
plane  of  the  sky. 

Figure  V-l  shows  the  locus  of  the  intensity-weighted 
mean  latitudes,  integrated  over  all  observed  velocities. 
The  mean  latitude  ridge  can  be  separated  into  3 regions  with 
different  characteristics.  In  the  central  region  (-1.5°  <1< 
1.8°),  the  ridge  is  virtually  parallel  to  the  Galactic 
plane,  and  the  mean  latitude  slightly  negative.  At  negative 
longitudes  the  ridge  runs  mostly  above  the  plane  reaching 
its  maximum  latitude  of  b=0.419°  at  1=-  3.75°.  At  positive 
longitudes,  conversely,  the  mean  latitude  ridge  extends 
mostly  below  the  Galactic  equator  reaching  the  minimum 
latitude  of  b=-0.387°  at  1=4.75°.  The  large  peak  at  1=3.25° 
with  mean  latitude  b=0.171°  corresponds  to  the  largest  wide- 
line  cloud  (see  Chapter  III). 
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The  straight  line  between  1=5°  and  l=-5°  in  Fig.  V-l  is 
the  intensity-weigthed  least-squares  fit  to  the  latitude 
ridge,  in  the  region  where  the  tilt  is  observed.  The  line 
is  inclined  to  the  Galactic  equator  by  2.3°,  an  angle 
smaller  than  all  the  values  so  far  reported  for  the  tilt  of 
the  gas  distribution . at  the  center.  This  value,  however, 
should  be  regarded  as  a lower  limit  because  it  was  obtained 
integrating  the  emission  over  all  observed  velocities. 
Since  this  procedure  overrepresents  the  contribution  of  the 
local  gas,  which  is  not  likely  to  be  inclined  in  a 
preferential  way  to  the  Galactic  equator,  the  result  is 
biased  towards  a smaller  angle. 

The  contribution  of  the  inner-Galaxy  gas  can  be 
separated  from  that  of  local  material,  in  velocity- 
integrated  1-b  maps,  by  a suitable  choice  of  integration 
limits.  Figures  V-2  and  V-3  present  the  distribution  of  the 
high-velocity  molecular  gas  in  the  plane  of  the  sky, 
respectively  integrated  from  V=-319  km  s-1  to  V=-98  km  s-1 
and  from  V=98  km  s ^ to  V=319  km  s-^  These  limits  were 
chosen  because  most  local-gas  emission  occur  outside  these 
ranges,  and  because  these  limits  allow  direct  comparison 
with  H I observations  (Burton  and  Liszt  1978).  Our  Figures 
V-2  and  V-3  are  the  molecular  counterparts  of  Burton  and 
Liszt's  H I moment  maps  (their  Figs.  2 and  3). 

Comparison  of  Figs.  V-2  and  V-3  with  Figs  2 and  3 of 
Burton  and  Lizst  (1978)  reveals  that  the  inclination  of  the 
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high-velocity  molecular  gas  to  the  Galactic  equator  in  the 
inner  Galaxy  is  smaller  than  that  of  the  high-velocity 
atomic  gas.  Although  Burton  and  Lizst  did  not  measure  the 
inclination  of  H I emission  to  the  Galactic  plane  directly 
from  their  figures  2 and  3,  they  argue  that  the  inclination 
of  the  H I emission  deduced  from  their  H I moment  maps 
support  the  tilt  angle  they  propose  for  the  H I disk  (22°  in 
Burton  and  Lizst  1978  and  13.5°  in  Lizst  and  Burton  1980). 

The  variation  of  the  intensity-weighted  mean  latitude 
of  CO  emission  with  Galactic  longitude  is  displayed  in  Fig. 
V-4  for  -319  < V <-98  km  s-1  and  in  Fig.  V-5  for  98<  V <319 
km  s in  the  longitude  ranges  where  significant  emission 
takes  place. 

To  calculate  the  tilt  of  the  molecular  disk  from  the  CO 
emission  moment  maps  we  have  used  the  same  technique 
described  above,  i.e.  we  have  fitted  an  intensity-weighted 
least-squares  straight  line  to  the  ridge  of  intensity- 
weighted  mean  latitudes  (Fig.  V-6).  The  inclination  of  the 
lines  are  8°  for  the  negative  velocities  and  2.2°  for  the 
positive  velocities.  The  smaller  tilt  found  at  positive 
velocities  is  due  to  the  contribution  of  the  wide-line  cloud 
located  at  (l,b)=  (3.2°,  0.3°),  which  produces  a large 

fraction  of  the  CO  emission  in  this  velocity  range. 

It  is  possible  that  the  wide-line  cloud  does  not  form 
part  of  the  inclined  molecular  disk  at  the  center.  If  the 
contribution  of  the  wide-line  cloud  is  subtracted,  the 
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inclination  of  the  positive-velocity  CO  emission  to  the 
equator  is  6°;  similar  to  that  found  at  negative  velocities, 
and  resulting  in  an  average  inclination  (positive  and 
negative  velocities)  of  7°.  This  value  is  in  agreement  with 
the  angles  measured  by  Kerr  (1968),  Heiligman  (1982),  and 
Sanders  et  al . (1984).  The  tilt  angles  calculated  by  these 

authors,  therefore,  have  not  taken  into  account  the 
contribution  of  the  wide-line  cloud  at  (l,b)  = (3.2°,  0.3°). 
Neither  Kerr's  nor  Heiligman' s observations  could  have  taken 
into  account  the  contribution  of  the  wide-line  cloud.  The 
lack  of  an  H I counterpart  to  the  wide-line  cloud  explains 
Kerr's  result;  while  Heligman's  survey,  extending  only  to 
1=2°,  missed  the  wide-line  cloud  for  over  a degree.  The 
Survey  of  Sanders  et  al.  (1984)  probably  missed  the  wide- 
line  clouds  due  to  undersampling.  Their  observations  were 
spaced  by  1°  in  1,  about  twice  the  longitude  extent  of  the 
largest  wide-line  cloud. 

In  either  case,  however,  the  inclination  of  the  CO 
emission  to  the  Galactic  equator  calculated  from  moment  maps 
is  significantly  smaller  than  the  inclination  of  H I 
emission  in  analogous  maps  as  reported  by  Burton  and  Liszt 
(1978)  and  Liszt  and  Burton  (1980),  and  of  CO  emission  as 
reported  by  Liszt  and  Burton  (1978). 

The  CO  and  H I moment  maps  also  differ  in  the  latitude 
extent  of  the  respective  emissions  and  their  concentration 
to  the  central  region.  Most  CO  emission  is  confined  between 
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h=-l°  and  b=l°  , while  the  H I emission  extends  to  b=4°  and 
b=-5°.  This  difference  reflects  the  intrinsically  smaller 
latitude  scale-height  of  CO  with  respect  to  H I , and  is  not 
due  to  lack  of  latitude  coverage  of  the  CO  emission.  A low 
resolution  CO  survey  of  the  center  region,  between  b=-8°  and 
b=8°  (Nyman  et  al.  1987)  confirms  that  essentially  all  CO 
emission  from  the  center  region  falls  within  the  latitude 
boundaries  of  the  present  survey. 

The  emission  from  the  region  within  a couple  of  degrees 
of  the  Galactic  center  is  clearly  distinguished  from  the 
rest  of  the  inner  Galaxy  emission  in  the  CO  moment  maps 
(Figs.  V-2  and  V-3).  In  the  H I maps,  on  the  other  hand, 
the  central  region  is  blurred  and  confused  with  emission  and 
absorption  produced  by  surrounding  gas.  The  inclinaton  of 
the  mean- latitude  ridge  is  smaller  in  the  central  region 
(Fig.  V-6 ) . We  have  calculated  the  inclination  of  the  CO 
emission  within  1°  of  the  center,  where  the  largest 
concentration  of  molecular  mass  is  found.  The  inclination 
of  the  intensity-weighted  least-squares  fit  is  2.5°  for  the 
positive  velocities  and  3.6°  for  the  negative  velocities. 
Comparison  of  the  tilt  of  this  central  molecular  disk  with 
the  inclinations  found  at  larger  longitudes  suggests  that 
the  tilt  of  the  CO  emission  to  the  Galactic  equator 
increases  with  Galactic  longitude. 

The  velocity  limits  used  in  the  moment  maps  still  allow 
some  contamination  by  emission  which  does  not  originate  at 
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the  center;  this  affects  the  values  found  for  the 
inclination  of  the  molecular  disk.  In  order  to  avoid  any 
contamination,  and  obtain  an  upper  limit  for  the  tilt,  only 
the  highest  velocities  should  be  considered.  The  latitudes 
at  which  the  highest  velocities  occur  have  been  plotted  as  a 
function  of  Galactic  longitude  in  Fig.  V-7.  The  latitude 
distribution  of  the  terminal  velocities  highlights  the 
difference  between  the  central  region  and  the  rest  of  the 
inner  Galaxy.  The  high-velocity  gas  within  ~ 1.75°  (-250 
pc)  of  the  center  is  confined  to  a narrow  band,  parallel  to 
the  Galactic  equator,  at  b=-0.125°.  Outside  this  central 
region  the  latitude  distribution  of  terminal  velocities 
forms  a band,  extending  from  l=-6°  to  1=5°,  inclined  to  the 
Galactic  equator  by  9°  for  1<0°  and  by  13°  for  1>0°.  Thus, 
the  average  inclination  of  the  molecular  disk,  derived  from 
the  gas  at  terminal  velocities,  is  approximately  11°  ± 2°. 
It  should  be  noted  that  the  emission  at  higher  inclination 
represents  a small  fraction  of  the  emission  (and  thus  of  the 
molecular  mass)  tilted  at  smaller  angles  to  the  Galactic 
equator.  This  value  is  4°  larger  than  the  inclination 
determined  from  the  CO  moment  maps,  and  within  2.5°  of  the 
inclination  of  13.5°  calculated  by  Lizst  and  Burton  (1980). 
However,  the  inclination  deduced  from  the  extreme  velocities 
is  significantly  smaller  than  the  22°  tilt  found  by  Burton 
and  Lizst  (1978)  and  Lizst  and  Burton  (1978).  The  extent  of 
the  CO  tilted  structure  in  Galactic  longitude,  is  about  11° 
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(r=800  pc).  This  value  is  significantly  smaller  than  that 
of  the  H I disk  proposed  by  Burton  and  Lizst  (1978)  (r=1.5 
kpc),  and  that  of  the  H I bar  proposed  by  Lizst  and  Burton 
1980)  (1.9  kpc) . 

In  summary,  the  picture  that  emerges  from  our  study  of 
the  the  tilt  of  the  molecular  gas  in  the  inner  Galaxy  is  one 
with  four  main  components:  1)  A sheet  of  high-density  gas 
moving  at  high  velocities  within  r ~250  pc,  parallel  to  the 
Galactic  equator  at  b~  -0.1°,  with  a thickness  of  less  than 
1 beamwidth  (18.5  pc),  and  in  circular  motion  around  the 
center.  2)  A central  disk  with  a radius  of  about  250  pc 
and  a half-thickness  of  38±12  pc,  inclined  to  the  Galactic 
equator  some  3°  and  to  the  plane  of  the  sky  by  84°,  also  in 
approximately  circular  motion.  3)  A molecular  gas  layer 
extending  some  5°  at  both  sides  of  the  center  and  inclined 
by  8°  at  negative  velocities  and  2.2°  at  positive  velocities 
(or  about  7°  for  positive  and  negative  velocities,  if  the 
contribution  of  the  largest  wide-line  cloud  is  disregarded), 
and  4)  A disk  or  ring  with  a radius  of  about  5°,  inclined 
some  11°  to  the  Galactic  equator  and  87°  to  the  plane  of  the 
sky,  formed  by  gas  at  the  terminal  velocities. 

The  division  into  components  was  done  to  facilitate  the 
analysis  and  is  not  necessarily  a physical  one.  Our 
observations  are  also  compatible  with  a molecular  disk  whose 
inclination  increases  with  Galactocentric  radius,  as 
suggested  by  Tohline  et  al . (1982). 
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The  total  mass  in  the  central  sheet  and  disk  (assuming 
purely  gravitational  motions)  is  about  4xl09  MQ,  and  the 

Q 

molecular  mass  less  than  2.7x10  MQ  (possibly  an  order  of 
magnitude  smaller,  see  Appendix  A) . The  inclination  of  the 
CO  emission  from  the  massive  central  component  is  about  3°, 
significantly  smaller  than  values  previously  reported. 

The  atomic  gas,  because  of  its  larger  scale-height  and 

smaller  concentration  to  the  center,  could  appear  at  a 

\ 

larger  tilt  angle  to  the  equator  and  extending  to  a larger 
radius.  If  this  holds  true,  the  H I bar  inclined  by  13.5° 
to  the  equator,  by  70°  to  the  plane  of  the  sky  and  extending 
to  a radius  of  ~2  kpc,  proposed  by  Lizst  and  Burton  (1980), 
could  be  an  atomic  gas  counterpart  to  the  CO  terminal 
velocity  gas  inclined  by  approximately  11°  to  the  Galactic 
equator.  Structures  further  inclined  to  the  Galactic  plane, 
such  as  the  22°  tilted  disk  of  Burton  and  Lizst  (1978),  are 
most  likely  incompatible  with  our  data. 

Further  theoretical  work  on  triaxial  potentials  would 
be  useful  to  asses  whether  the  inclination  of  the  CO  layer 
at  the  center  is  a consequence  of  the  triaxiality  of  the 
bulge . 


The  Thickness  of  the  Molecular  Disk 

As  discussed  in  Chapter  II  most  of  the  molecular  gas  of 
the  inner  Galaxy  is  found  in  a strip,  approximately  2°  wide. 
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along  the  Galactic  equator.  In  order  to  measure  the 
thickness  of  this  layer,  perpendicular  to  the  Galactic 
plane,  profiles  of  velocity-integrated  antenna  temperature 
vs.  Galactic  latitude  were  produced  every  0.25°  (2 

beamwidths)  in  Galactic  longitude.  The  half- thickness  of 
the  molecular  gas  layer  at  each  longitude  was  defined  as  the 
hal f -width- at-half -maximum  (HWHM)  of  a gaussian  curve  fitted 
to  the  corresponding  CO  emission  latitude  profile. 

The  average  half-thickness  of  CO  emission  integrated 
over  all  observed  velocities,  north  and  south  of  the 
Galactic  center,  are  very  similar:  79  ± 20  pc  in  the  1st 

quadrant  and  81  ± 25  pc  in  the  4^  quadrant.  Since  the 
contribution  of  local  gas  was  not  removed  in  this 
calculation,  the  results  are  useful  for  comparison  with 
tracers  which  do  not  have  velocity  information  such  as 
infrared  and  radiocontinuum. 

The  half- thickness  of  the  molecular  disk  at  the 
Galactic  center  was  calculated  from  latitude  profiles  after 
eliminating  the  contribution  of  the  local  gas,  by 
integrating  over  appropriate  velocity  ranges.  For 
longitudes  between  l=-5°  and  1=0°,  the  latitude  profiles 
were  integrated  between  V=-320  km  s"1  and  V=-100  km  s"1; 
while  for  longitude  between  1=0°  and  1=5°,  the  profiles  were 
integrated  between  V=100  km  s"1  and  V=320  km  s"1.  The 
average  half-thickness  of  the  molecular  disk  for  negative 
longitudes  was  found  to  be  35  ±8  pc.  While  the 
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corresponding  value  for  positive  longitudes  was  found  to  be 
40±10  pc.  The  small  difference  north  and  south  of  the 

center  cr)  is  not  significant. 

Since  the  thickness  of  the  gaseous  disk  is  largely 
determined  by  the  Galactic  gravitational  potential,  the 
nearly  identical  values  of  the  half- thickness  of  the 
molecular  layer  at  both  sides  of  the  Galactic  center  are 
probably  a consequence  of  axial  symmetry  of  the  Galactic 
bulge  potential  in  a scale  of  several  hundreds  of  parsecs. 
This  is  consistent  with  a bulge  population  formed  by  old, 
well-mixed  stars. 

The  half-thickness  of  the  molecular  disk  at  1=0°  is  37 
pc.  This  value  is  42%  of  the  half-thickness  of  molecular 
material  near  the  sun,  87  pc,  found  by  Dame  et  al.  (1987). 

If  the  disk  of  the  Galaxy  is  modeled  as  a thin  isothermal 
sheet,  the  FWHM  of  the  gas  layer  (^1/2^ g maY  be  approximated 
by  (Van  der  Kruit  1983) 

2 X/2  -1/2 

(Zl/2>g  ~ 1 * * *'7  <K>g  [K  G °(R)/Z0]  7 (5-1) 

2 1/2 

where  <V  > is  the  Z component  of  the  gas  velocity 

9 

dispersion,  a(R)  is  the  surface  mass  density,  and  ZQ  is  a 

scale  parameter  normal  to  the  plane  deduced  from  the  light 
distribution  of  the  disk  (ZQ  = 0.60±0.05  kpc).  From  (5.1) 

the  surface  density  can  be  calculated  if  the  thickness  and 
the  velocity  dispersion  of  the  gas  are  known. 
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a(Z) 


2.89  Z 


71  G 


o 


(5.2) 


If  the  velocity  dispersion  of  the  gas  at  the  center  is 

similar  to  that  observed  near  the  sun,  the  difference  in  the 

thickness  of  the  CO  layer  implies  that  the  mass  surface 

density  at  the  center  would  be  5.5  times  larger  than  that 

near  the  sun.  Although  we  have  not  measured  directly  the 

velocity  dispersion,  we  have  indirect  evidence  that  the 

velocity  dispersion  at  the  center  is  probably  at  least  twice 

as  large  as  that  near  the  sun.  We  have  measured  the  FWHM 

velocity  width  of  the  features  at  the  terminal  velocities. 

The  widths  are  plotted  vs.  Galactic  longitude  in  Fig.  V-8. 

These  profiles  are  widened  by  the  instrumental  profile,  the 

doppler  width  of  the  clouds,  and  by  the  cloud  to  cloud 

velocity  dispersion.  At  1=1°  and  -1°  the  profiles  are 

further  widened  by  the  Galactic  differential  rotation.  The 

velocity  widths  at  1=11°  to  1=13°  are  compatible  with 

velocity  dispersions  in  the  outer  Galaxy  (Clemens  1985), 

while  an  envelope  to  the  lowest  values  of  velocity  widths 

(to  avoid  the  rotation  broadening)  gives  velocity 

dispersions  at  least  twice  as  large.  Thus,  a conservative 

lower  limit  for  the  mass  surface  density  at  the  center  is 

a , »22  a 

center  sun 

In  summary,  the  analysis  of  the  thickness  of  the 
molecular  disk  favours  models  with  an  axisymmetric  bulge 
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potential,  although  it  should  be  noted  that  a triaxial  bulge 
can  also  produce  the  north-south  symmetry  observed  in  the  CO 
disk  thickness  if  the  sun  is  properly  aligned  with  an  axis 
of  the  ellipsoid.  The  mass  surface  density  at  the  center 
was  found  to  be  at  least  one  order  of  magnitude  larger  than 
that  near  the  sun. 


The  Rotation  Curve  of  the  Inner  Galaxy 
Knowledge  of  the  rotation  curve  of  our  Galaxy,  the 
variation  of  rotational  velocity  with  Galactic  radius,  is 
important  to  constrain  mass  models  of  the  Galaxy  and  to  find 
kinematic  distances  to  Galactic  objects. 

A rotation  curve  of  the  inner  Galaxy  would  be  useful  to 
see  if  any  molecular  gas  in  circular  motion  can  be  found,  to 
compare  the  kinematics  of  the  atomic  and  molecular  gas  at 
the  Galactic  center,  and  to  compare  the  kinematics  of  the 
molecular  gas  north  and  south  of  the  center.  In  this 
section  we  describe  and  analyze  the  construction  and 
implications  of  a rotation  curve  of  the  inner  4 kpc  of  the 
Galaxy,  derived  from  our  CO  observations. 

It  should  be  noted,  however,  that  the  determination  of 
the  rotation  curve  of  the  inner  Galaxy  (r<4  kpc)  is  hindered 
by  the  presence  of  gas  in  non-circular  motions,  lack  of 
axial  symmetry,  and  gaseous  structures  inclined  to  the 
Galactic  equator.  Owing  to  these  complications  it  has  even 
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been  suggested  that  the  determination  of  a reliable  rotation 
curve  in  this  region  of  the  Galaxy  may  be  intrinsically 
impossible  (Knapp  1983).  Even  under  these  restrictions  it 
is  of  interest  to  attempt  the  construction  of  the  rotation 
curve  of  the  inner  Galaxy  from  CO  observations. 

The  derivation  of  the  Galactic  rotation  curve  is  a 
fairly  standard  procedure  (Schmidt  1965).  In  a Galaxy  with 
perfectly  circular  rotation,  the  radial  velocity,  V , of  an 
object  in  the  plane  at  longitude  "1"  is  (Mihalas  and  Binney 
1981), 


Vr  = Ro  (W  " Wo>  sind)  (5-3) 

where  RQ  is  the  distance  to  the  Galactic  center,  W is  the 

angular  velocity,  , of  the  object,  and  WQ  the  angular 

velocity  of  the  local  standard  of  rest  ( LSR) . The  extreme 
velocity  at  each  longitude  corresponds  to  gas  at  the 
subcentral  point  along  the  line  of  sight.  The  subcentral 
point  is  located  at  Galactic  radius 


R . 


min 


R sin(l) 
o ' ' 


(5.4) 


The  extreme  radial  velocity  (also  called  terminal  or  tangent 
velocity),  is  easily  calculated  by  replacing  (5.4)  in  (5.3), 


- 0 sin(l) 
o ' ’ 


0(R) 


(5.5) 
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The  rotation  curve  is  the  variation  of  linear  velocity 
with  galactic  radius  0(R), 

© ( R)  = 0O  sin(l)  + Vt  (5.6) 

This  method  requires  knowledge  of  the  constants  RQ  and  0q 

and  the  determination  of  the  terminal  velocity  at  each 
longitude.  For  the  constants  we  have  adopted  the  values 
currently  recommended  by  the  IAU,  RQ  = 8.5  kpc  and  0q  = 220 

km  s-1;  to  allow  comparison  with  other  works  we  have  also 
calculated  the  rotation  curve  with  the  former  IAU  values  (RQ 
= 10  kpc  and  ©Q  = 250  km  s"-*-).  The  terminal  velocities 

were  determined  directly  from  the  spectra  following  the 
procedure  outlined  below. 

The  survey  data  set  (over  8000  spectra)  was  carefully 
examined  to  find  emission  features  with  extreme  velocities 
(positive  in  the  ls^  quadrant  and  negative  in  the  4^ 
quadrant)  every  0.5°  (every  0.125°  for  |1|  <2°),  within  2° 
of  the  Galactic  equator.  The  terminal  velocities  were 
calculated  only  from  extreme  velocity  features  with  antenna 
temperature  greater  than  3a  (0.36  K)  and  velocity  span  of  at 
least  4 channels  (5.2  km  s-^).  This  procedure  considers 
that  the  terminal  velocity  feature  can  arise  from  gas 
located  outside  the  b=0°  plane.  The  reasons  for  taking  out- 
of-the-plane  profiles  into  account  in  the  derivation  of  the 
Galactic  rotation  curve  are  discussed  by  Sinha  (1978).  The 
main  requirement  is  that  the  Z-motion  is  effectively 


99 


decoupled  from  motion  in  the  plane  of  the  Galaxy.  If  this 
condition  is  not  met,  out-of-plane  terminal  velocities  may 
not  correspond  to  circular  rotation.  It  is  interesting  to 
note,  however,  that  out-of-plane  terminal  velocities  are 
compatible  with  a triaxial  potential  at  the  center  (Vietri 
1986) . 

There  are  several  criteria  to  determine  the  point  where 
the  terminal  velocity  should  be  read  in  the  velocity 
profile.  We  have  adopted  the  criterion  used  by  Kerr  (1964) 
and  Sinha  (1978),  in  which  the  terminal  velocity  is  measured 
at  the  point  half-way  up  the  steep  slope  of  the  extreme 
velocity  feature.  The  advantages  of  this  method  over  others 
used  in  this  type  of  work  are  summarized  by  Sinha  (1978). 

Before  calculating  the  rotation  curve,  the  terminal 
velocities  were  corrected  to  reflect  the  velocity  of  the 
cloud  rather  than  its  high-velocity  wing.  Clemens  (1985), 
based  on  arguments  relative  to  the  line-width  spectrum  and 
cloud  size  spectrum,  argues  for  a correction  value  of  3.0  km 
s . This  correction  value  is  very  close  to  the  velocity 
dispersion  calculated  by  Alvarez  et  al.  (1987)  of  3.1  km 
s_1,  for  observations  of  the  4th  quadrant  obtained  with  the 
same  telescope  used  in  this  survey.  Therefore,  we  have 
adopted  a nominal  correction  value  of  3 km  s-1  for  our 
observations . 

The  uncorrected  terminal  velocities  for  the  Is*" 
quadrant  (north)  and  the  4th  quadrant  (south)  are  displayed 
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as  a function  of  Galactic  longitude  in  Fig.  V-9.  Figure 
V-10  shows  the  rotation  curve  for  RQ  = 8.5  kpc  and  0Q  = 220 

km  s_1,  while  Fig.  V-ll  displays  the  same  data  for  RQ  = 10 
kpc  and  0q  = 250  km  s_1. 

The  northern  and  southern  rotation  curves  displayed  as 
a function  of  sin  1 = R/RQ , for  ©Q  = 220  km  s_1  (Fig.  V-12) 

show  a similar  general  shape,  although  several  differences 
are  readily  apparent.  The  northern  curve  rises  linearly 
from  V ~ 150  km  s_1,  at  the  origin,  to  a broad  peak  between 
R/R0  = 0.03  and  0.06,  reaching  V ~290  km  s-1,  then 
decreases  monotonically  to  V ~200  km  s"1  at  R/RQ  = 0.22. 
The  southern  rotation  curve  has  a less  steep,  step-wise 
increase  of  the  rotational  velocity  from  the  origin  to  R/RQ 
= 0.7.  The  southern  maximum  is  narrower  and  slightly  lower 
than  the  northern  one.  The  rotation  curve  in  the  south 
decreases  sharply  to  V ~110  km  _1  at  R/RQ  ~0.1  and  then 
increases  to  ~200  km  s-1  at  R/RQ  = 0.2.  A sharp  peak  at 
R/RQ  =0.12  corresponds  to  an  out-of-plane  structure. 

The  features  that  give  rise  to  the  terminal  velocities 
can  be  easily  identified  in  the  integrated  1-V  map  of 
Chapter  II  (Fig.  II-7).  The  terminal  velocities  in  the 
north,  between  1=13°  and  1=6°,  correspond  to  the  135  km  s_1 
expanding  arm,  and  between  1=6°  and  1=2.5°  to  the  connecting 
arm.  The  terminal  velocities  within  |1|  <2°  are  produced  by 
the  nuclear  disk.  The  southern  peak  is  due  to  a structure 
symmetric  to  the  connecting  arm  that  extends  down  to  1=- 
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4.5°.  The  rest  of  the  southern  curve  originates  in  gas  at 
the  3 kpc  arm  except  at  1 ~ 7°  where  gas  near  b=0.5° 

produce  a high  velocity  peak  (see  Figs.  C-10  to  C-13). 

To  ease  comparison  between  our  rotation  curve  and  other 
works,  we  have  displayed  our  rotation  curve  superimposed  to 
the  H I rotation  curve  of  Burton  and  Gordon  (1978)  (for  RQ  = 
10  kpc  and  0Q  = 250  km  -1).  The  Burton  and  Gordon  (B-G) 

rotation  curve  is  widely  used,  specialy  in  the  region  of 
interest  here  (see  e.g.  Clemens  1986). 

Comparison  between  the  B-G  curve  with  the  northern  CO 
curve  (Fig.  V-13)  reveals  several  differences.  The  maximum 
of  the  CO  curve  is  approximately  30  km  s-1  higher  than  that 
of  B-G,  it  has  more  fine  structure,  and  falls  to  lower 
velocities  near  R/RQ  ~0.2.  These  differences  can  be  easily 
understood.  As  seen  in  Fig.  V- 7 the  terminal  velocities  at 
r>250  pc  occur  outside  the  the  b=0°  plane,  therefore,  these 
terminal  velocities  were  missed  by  in-plane  surveys.  The 
more  abundant  fine  structure  observed  in  our  curves  reflect 
the  higher  spatial  resolution  of  our  observations  and  the 
more  clumpy  distribution  of  CO  compared  to  H I . The  CO 
velocities  near  R/RQ  -0.2  are  lower  than  the  B-G  curve,  but 
quite  close  to  some  of  Clemens  (1986)  observational  points 
which,  in  that  region,  lie  systematically  below  the  mean 
curve . 

An  H I out-of-plane  rotation  curve  (Sinha  1978)  also 
shows  higher  peaks  than  the  in-plane  rotation  curves,  -290 
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km  s"1  in  the  north  and  -270  km  s"1  in  the  south.  The 
agreement  of  these  figures  with  our  results  confirms  that 
the  higher  peak  velocities  found  in  our  work,  as  compared  to 
in-plane  surveys,  are  due  to  the  inclusion  of  out-of-plane 
gas,  and  not  to  intrinsic  differences  in  the  kinematics  of 
the  tracers.  Past  the  peaks,  between  R/RQ  ~0.7  and  R/RQ 
-0.2,  the  CO  rotation  curve  is  systematically  lower  than 
Sinha's  and  B-G's  H I curves,  specially  in  the  south.  The 
dif ferences  may  be  the  result  of  the  higher  concentration  to 
the  plane  of  CO  emission  compared  to  H I emission.  The 
larger  difference  between  the  curves  in  the  south  (Fig. 

V- 14 ) may  indicate  that  most  of  the  molecular  gas  in  this 
region  is  concentrated  in  the  3 kpc  arm. 

The  molecular  gas  within  approximately  300  pc  of  the 
center,  like  the  atomic  gas  (Rougoor  and  Oort  1960),  is  in 
nearly  circular  motion.  If  the  motions  are  solely  due  to 
gravity,  a total  mass  of  approximately  4 x 109  MQ  is 
contained  in  this  region. 

It  is  interesting  to  note  that  a rotation  curve  very 
similar  to  the  CO  curve  is  produced  by  a triaxial  bulge 
(Vietri  1986).  Figure  8 in  Vietri's  paper  shows  a rotation 
curve  that  is  very  similar  to  our  average  (north  and  south) 
rotation  curve  (Fig.  V-15).  Vietri's  rotation  curve  reaches 
a 290  km  s ^ peak  and  a 190  km  s ^ minimum,  and  corresponds 
to  a triaxial  bulge  without  rotation  whose  middle  axis  is 
aligned  with  the  sun. 
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Fig.  V-l  Locus  of  the  intensity  weighted  mean  latitude 
of  CO  emission  in  the  plane  of  the  sky, 
integrated  over  all  observed  velocities. 
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Fig.  V-5  Mean  latitude  ridge  for  velocities  between 
V=100  km  s” 1 and  V=320  km  s"1. 
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Fig.  V-6  Mean  latitude  ridge  for  positive  and  negative 
high  velocities. 
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Fig.  V-7  Distribution  of  terminal  velocity  features  in 
the  plane  of  the  sky. 


VELDC I TY  WIDTH  (Kn/») 


112 


Fig.  V-8  Velocity  width  of  the  terminal  velocity  features 
as  a function  of  Galactic  longitude. 
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Fig.  V-9  Terminal  velocities  as  a function  of  Galactic 
longitude.  The  squares  and  the  triangles 
represent  the  I and  IV  Galactic  quadrants, 
respectively. 
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Fig.  V-10  CO  rotation  curve  for  the  inner  Galaxy.  The 

Galactic  constants  are  8.5  kpc  and  220  km  s"1. 
The  squares  and  the  triangles  represent  the  I 
and  IV  Galactic  quadrants  respectively. 
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Fig.  V-ll  CO  rotation  curve  for  the  inner  Galaxy.  The 

Galactic  constants  are  10  kpc  and  250  km  s-1. 
The  squares  and  the  triangles  represent  the  I 
and  IV  Galactic  quadrants  respectively. 
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Fig. 


-12  CO  rotation  curve  for  the  inner  Galaxy  as  a 
function  of  sin  1,  for  220  km  s"1.  The 
squares  and  the  triangles  represent  the  I and 
IV  Galactic  quadrants  respectively. 
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Fig.  V-13  CO  rotation  curve  in  the  I quadrant  compared 
to  the  H I curve  of  Burton  and  Gordon. 
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Fig-  V-14  CO  rotation  curve  in  the  IV  quadrant  compared 
to  the  H I curve  of  Burton  and  Gordon. 
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Fig.  V-15  Average  CO  rotation  curve  compared  to  the  H I 
curve  of  Burton  and  Gordon. 


CHAPTER  VI 
SUMMARY 

The  first  well-sampled,  large-scale  survey  of  ^CO 
(j=l_>0)  emission  from  the  inner  4 kpc  of  the  Galaxy  is 
presented,  and  used  to  study  the  distribution  of  molecular 
clouds  and  the  kinematics  of  the  molecular  gas  in  the  inner 
Galaxy. 

The  survey  samples  a 4°  wide  strip  along  the  Galactic 
equator  from  1=-12°  to  1=13°.  The  over  8000  spectra 
obtained  with  the  Columbia  University  Southern  millimeter 
telescope  (La  Serena,  Chile)  have  a velocity  resolution  of 
1.3  km  s-1,  a rms  sensitivity  better  than  0.12  K,  and  are 
spaced  by  approximately  one  beamwidth  (8.8').  This  is  the 
first  survey  to  encompass  the  complete  latitude  and  velocity 
spans  of  the  CO  emission  from  the  inner  Galaxy. 

The  survey  is  presented  as  a collection  of  1-V  maps  at 
each  observed  latitude,  1-b  maps  integrated  every  40  km  s-^, 
and  b-V  maps  at  each  observed  longitude.  Several  new  CO 
features  were  observed,  and  the  molecular  counterparts  of 
the  classic  H I structures  appear  with  unprecedented  clarity 
owing  to  the  dense  sampling,  high  sensitivity,  and  extended 
latitude  coverage  of  this  survey. 
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The  two  most  striking  features  mapped  in  this  survey 
exhibit  remarkably  large  CO  intensities  and  velocity  widths. 
They  are  located  at  (1,  b)  = (3.2°,  0.3°),  and  (5.3°, 

-0.3°) , in  a zone  previously  considered  almost  devoid  of  CO 
emission.  Their  respective  CO  luminosities  exceed  8%  and  3% 
of  the  CO  luminosity  of  the  inner  500  pc  of  the  Galaxy, 
integrated  over  all  observed  latitudes  and  velocities. 
Their  velocity  widths  reach  140  and  100  km  s-1  (FWHM), 
respectively,  the  largest  for  molecular  gas  in  the  Galaxy 
beyond  the  nuclear  region. 

We  argue  that  these,  and  other  wide-line  features,  are 
peculiar  molecular  clouds  located  in  the  vicinity  of  the 
Galactic  center.  Accordingly,  their  respective  masses  are 
2.3  x 10^  and  6.4  x 10^  MQ,  and  their  internal  kinetic 
energies,  2.5  x 1054  and  3.5  x 1053  ergs.  They  appear  to  be 
gravitationally  unbound,  expanding  in  a time  scale  of 
approximately  1 x 10^  years.  We  argue  that  a plausible 
source  for  their  large  energies  is  a Seyfert-like  event  at 
the  Galactic  nucleus. 

The  presence  of  such  intense  features  in  a zone 
previously  considered  devoid  of  CO  emission,  underlines  the 
importance  of  well-sampled  surveys  in  CO  studies  of  the 
Galaxy. 

Most  of  the  CO  emission  of  the  inner  Galaxy  is 
contained  in  layer  approximately  2°  wide  in  latitude, 
astride  the  Galactic  plane,  and  extending  over  all  observed 
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longitudes.  The  CO  emission  is  strongly  concentrated  in  the 
inner  3.3°  of  the  Galaxy.  The  molecular  mass  of  this 
central  region  (A1  x Ab)  = (490  x 190  pc),  was  found  to  be 

O 

2.7  x 10  Mq . The  CO  emission  in  this  central  region  is 
distributed  asymmetrically  with  respect  to  the  Galactic 
center,  with  intensity-weighted  mean  coordinates:  (1,  b,  V) 

= (0.4°,  -0.05°,  23  km  s”^). 

Over  60  molecular  clouds  were  catalogued  by  their 
intensity-weighted  mean  coordinates.  The  catalogue  also 
includes  the  velocity  width,  apparent  radius  and  apparent  CO 
luminosity  of  the  clouds.  The  molecular  clouds  in  the  inner 
Galaxy  trace  the  classic  H I features  remarkably  well  and 
with  higher  contrast  than  the  H I observations.  For 
example,  portions  of  the  Norma  and  Scutum-Crux  arm  were 
identified  in  CO  a region  wehere  the  the  H I emission  is  too 
confused  to  make  them  out. 

The  inclination  and  thickness  of  the  molecular  disk 
near  the  Galactic  center  were  measured.  Conflicting  results 
on  the  tilt  of  the  gaseous  disk  to  the  Galactic  equator, 
cited  in  the  literature,  were  found  to  arise  partly  from  the 
different  methods  used  to  measure  the  angle  of  inclination 
and  from  differences  in  the  distribution  of  H I and  CO  near 
the  center. 

We  found  the  molecular  mass  distribution  to  be  tilted 
some  3°  to  the  Galactic  equator,  within  1°  of  the  center. 
The  tilt  of  the  larger  scale  component  (R<5°)  to  the 
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Galactic  equator  was  found  to  be  8°  for  negative  velocities 
and  2.2°  for  positive  velocites.  A consistent  inclination 
of  about  7°  at  both  sides  of  the  Galactic  center  is  found  if 
the  contribution  of  the  largest  wide-line  cloud  is 
subtructed.  The  gas  at  terminal  velocities  was  found  to  be 
further  inclined  to  the  Galactic  equator,  at  an  angle  of  11° 
± 2°. 

The  half-thickness  of  the  molecular  disk  north  and 
south  of  the  Galactic  center  is  very  similar,  35±8  pc  and 
40±10  pc,  favouring  an  axysymmetric  or  a preferentially 
oriented  triaxial  bulge  model.  The  thickness  and  velocity 
dispersion  of  the  molecular  gas  indicate  that  the  surface 
mass  density  at  the  center  is  at  least  one  order  of 
magnitude  larger  than  that  near  the  sun. 

A rotation  curve  for  the  inner  Galaxy  was  calculated 
from  the  CO  terminal  velocities  within  2°  of  the  plane,  and 
compared  to  the  H I rotation  curve  from  Burton  and  Gordon 
(1978).  The  CO  rotation  curve  is  similar  to  that  produced 
by  a non-rotating  triaxial  ellipsoid  (see  Vietri  1986). 


APPENDIX  A 

DETERMINATION  OF  MOLECULAR  MASS  IN  CLOUDS 

CO  Masses 

For  the  derivation  of  masses  of  molecular  clouds  from 
1 2 

their  CO  luminosities,  we  have  followed  the  widely 
accepted  practice  of  using  the  integrated  12C0  line 
intensity, 

WCO  - J T<V>  dv  (A— 1 ) 

as  a proportional  tracer  of  the  molecular  gas  in  giant 
molecular  clouds.  Empirically  Wco  has  been  found  to  be 
roughly  proportional  to  the  H2  column  density  N(H2)  of 
molecular  clouds  in  a wide  range  of  physical  conditions, 
despite  the  high  optical  depth  of  the  12C0  line.  This 
conclusion  follows  from  the  observation  that  line  profiles 
of  the  optically  thick  32CO  generally  mimic  the  line 
profiles  of  the  thin  13C0  observed  at  the  same  positions. 

The  theoretical  basis  for  the  proportionality  between 
WC0  and  N(h2 ) is  outlined  by  Scoville  and  Sanders  (1987)  in 
the  following  way:  The  12C0  luminosity,  Lco,  of  a molecular 
cloud  can  be  defined  as, 

Lco  = d2  J wco  ^ = Tco  AV  71  r2  ( a~2  ) 
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where  d is  the  distance  to  the  cloud,  Q is  the  solid  angle 
subtended  by  the  cloud,  Tqq  its  peak  brightness  temperature, 
AV  the  line  width,  and  R the  cloud  radius.  For  clouds  in 
virial  equilibrium. 


A V 


G M 


1 

2 


( A-3  ) 


so  the  CO  luminosity,  Lco,  can  be  written  as. 


L 


CO 


3 7i  G 
4 p 


( A-4 ) 


where  p is  the  mass  density  and  M the  mass  of  the  molecular 
cloud.  Since  molecular  clouds  of  different  masses  are  found 
to  have  similar  densities  and  temperatures,  the  CO 
luminosity,  Lco,  is  proportional  to  the  cloud's  mass.  This 
proportionality  holds  for  optically  thick  clouds  with 
similar  densities,  because  for  such  clouds  the  virial  line- 
width  increases  linearly  with  cloud  radius,  i.e.  linearly 
with  the  column  density  of  gas. 

Several  different  semiempirical  techniques  have  been 
used  to  evaluate  the  proportionality  constant  between  the  CO 
emission  and  H2  column  density:  ^CO  emission  measurements, 
visual  extinction  observations,  calculations  of  virial 
masses,  and  gamma  ray  observations.  The  results  of  these 
independent  techniques  agree  within  a factor  of  two. 
Estimates  of  large-scale  average  molecular  mass,  hence. 
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should  be  correct  within  a factor  of  two;  mass  calculations 
for  individual  clouds,  however,  may  be  less  certain.  For 
the  determination  of  molecular  masses  in  this  survey,  we 
have  chosen  the  gamma-ray  calibration  value  found  by  Bloemen 
et  al.  (1986) : 

N(H2>  20  -211 
— = 2.8  x 10^  mol  cm  K 1 km  1 s (A-5) 

CO 

because  it  is  less  likely  than  the  values  found  with  other 
techniques  to  depend  on  local  conditions.  Using  this 
conversion  factor,  and  a mean  molecular  weight  per  H2 
molecule  of  2.76  x 10  gm  (Allen  1973),  the  masses 

I O 

obtained  from  ^CO  luminosities  can  the  be  expressed  as, 

Mco  = i-9  x 103  Ico  d2  (A-6) 

where  Mqq  is  in  solar  masses,  d is  the  cloud's  distance  in 
kpc,  and  Ico  is  the  apparent  CO  luminosity  of  the  cloud, 
i . e . , 


^0  = n t dv  ^ ( a— 7 ) 

with  AV  in  km  s-^  and  Q in  square  degrees. 

LTE  Masses 

The  masses  of  molecular  clouds  can  also  be  estimated 
12  13 

from  CO  and  CO  observations  assuming  local  thermodynamic 
equilibrium  (LTE),  optically  thick  12C0  lines,  optically 
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13 

thin  CO  lines,  and  adopting  a constant  ratio  between  33CO 
and  H2  column  densities. 

Under  the  assumption  of  LTE,  the  thermal  motions  of  the 
H2  molecules  and  the  12C0  and  13C0  rotational  levels  are  in 
equilibrium,  so  kinetic  and  excitation  temperatures  are 
identical  (Tx  = Tk) . For  the  optically  thick  12C0  line,  the 
line  antenna  temperature,  T L , is  related  to  the  excitation 
temperature  Tx  by  the  expression  (see  Blitz  1978) 


Tx  = 5.53  (In  (1  + ( 


5.53 


Tr  + 0.819) 
±2 


)) 


-1 


( A-8 ) 


and  the  optical  depth  of  the  thin  13C0  line  is  given  by: 


t13  = _ln(1'(  5tH')  ((exP(-^^-)-D“1  -0.164)"1)  ( A-9 ) 


From  these  quantities,  the  13C0  column  density,  N(13C0),  is 
found: 


N(13C0)  = 2.42  x 1014 


<T13  AV  V 
( 1-exp ( ~5'.29  ) 


( A-10 ) 


where  AV  is  measured  in  km  s”3. 

13 

The  CO  column  densities  are  converted  to  H2  column 
densities  using  the  proportionality  factor  found  by  Dickman 
(1978), 


N(13C0) 

N(H2) 


2 x 10“6 


(A- 11 ) 
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using  a molecular  weight  per  H2  molecule  of  2.76  x 10“24  gm 
(Allen  1973),  the  LTE  mass  of  a cloud  can  be  written 
as 


- 

MLTE  = 2-19  x 10  A N(H2)  (A-12) 

where  MLTE  is  expressed  solar  masses,  A is  the  area  of  the 
cloud  in  pc  , and  N(H2)  is  the  H2  column  density  in  cm'^. 

Masses  calculated  with  the  LTE  method  are  lower  limits 
because  the  32CO  cloud  limits  are  larger  than  the  42CO 
limits.  The  accuracy  of  this  method  is  critically  dependent 
on  the  consistency  and  value  of  the  ratio  between  13C0  and 
H2  column  densities. 


Virial  Masses 

An  independent  value  for  a cloud's  mass  can  be  obtained 
assuming  that  the  cloud  is  in  virial  equilibrium  supported 
by  internal  motions.  The  virial  theorem  for  a uniform, 
spherical  cloud  of  mass  M,  radius  R,  and  3-dimensional 
velocity  dispersion  a,  can  be  written  as 


2 _ (3  G 


M a = 


2 

M ) 


5 R 


( A- 13  ) 


so  the  cloud's  virial  mass  can  be  expressed  as 
Mvir  = 210  R AV2 


( A-14) 
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where  is  in  solar  masses,  R is  in  pc,  and  AV  is  the 

FWHM  velocity  width  of  the  cloud  in  km  s-1.  The  virial  mass 
is  an  upper  limit  to  the  cloud's  mass  because  the  effects  of 
magnetic  fields  and  density  gradients  have  been  ignored. 

Molecular  Masses  near  the  Galactic  Center 

It  is  important  to  note  that  conventional  estimates  of 
H2  mass  in  the  Galactic  center  using  CO  observations  may  be 
in  error  by  as  much  as  one  order  of  magnitude. 

As  Oort  (1977)  first  pointed  out,  when  the  large  CO 
luminosities  observed  towards  the  center  are  combined  with 
the  abundance  ratio  N(H2 )/N( 12CO)  (e.g.  Gordon  and  Burton 

1976)  and  with  the  gas-to-dust  ratio  observed  in  the 
neighborhood  of  the  sun  (Savage  and  Mathis  1979),  visual 
extinctions  of  150  to  200  magnitudes  in  front  of  the  nucleus 
are  derived  (Oort  1977,  Blitz  and  Shu  1980).  Photometric 
observations  at  various  wavelengths  give  visual  extinctions 
of  about  27  to  30  magnitudes  in  front  of  the  central  source 
(Willner  1976,  Becklin  and  Neugebauer  1969),  about  half  of 
which  is  produced  in  the  disk  (Oort  1977).  Therefore,  the 
observed  visual  extinction  of  the  Galactic  center  is  an 
order  of  magnitude  smaller  than  that  derived  from  CO 
luminosities  and  standard  conversion  factors. 

Observations  of  gamma-rays  from  the  Galactic  center 
indicate  a flux  value  an  order  of  magnitude  smaller  than 
what  should  be  expected  if  the  H2  masses  derived  from  CO 
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data  were  correct  (Blitz  et  al.  1985).  Thus,  these 
observations  also  support  a smaller  mass  at  the  center  than 
that  derived  from  CO  observations  and  standard  conversion 
factors . 

Plausible  reasons  for  the  discrepancy  between  observed 
and  calculated  visual  extinctions  are  that  the  conventional 
abundance  ratio  and/or  the  gas-to-dust  ratio  do  not  apply  at 
the  Galactic  center.  Since  this  is  not  yet  clear,  nor  have 
more  pertinent  values  for  the  conversion  factors  been 
derived,  we  will  use  the  standard  conversion  factors  with 
the  caveat  that  the  real  masses  may  be  an  order  of  magnitude 
smaller . 


APPENDIX  B 

LONGITUDE -LATITUDE  MAPS 


This  appendix  presents  the  data  set  in  1-b  maps 
integrated  every  40  km  s-1,  over  a velocity  range  of  600  km 
s"1.  These  "velocity  slices"  are  useful  to  identify 
molecular  clouds  and  kinematic  structures.  The  contours 
are  spaced  by  20  K km  s \ and  the  lowest  contour  is  set  at 
5 K km  s“^. 
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APPENDIX  C 

LONGITUDE  VELOCITY-DIAGRAMS 


This  appendix  presents  the  data  set  in  1-V  diagrams  at 
each  observed  latitude.  This  representation  of  the  data  is 
particularly  useful  to  identify  kinematic  structures  and 
follow  their  development  with  Galactic  latitude.  The 
contours  are  separated  by  1 K,  and  the  lowest  contour  is  set 
at  0.5  K. 
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APPENDIX  D 

LATITUDE -VELOCITY  DIAGRAMS 


The  latitude  structure  of  the  CO  emission  is  presented 
in  these  b-V  diagrams  plotted  at  each  observed  longitude. 
The  contours  are  separated  by  1 K,  and  the  lowest  contour 
was  set  at  0.5  K.  The  velocity  and  latitude  limits  of  the 
observations  are  indicated  by  a dotted  line. 
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